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1. Executive Summary

The success of a structure health monitoring (SHM) system for high-performance
polymeric composite structures hinges upon noninvasive and embeddable sensors that can be
reliably used for sensing the strain, temperature, moisture, irradiation, foreign objects strike
damage and other unpredicted events experienced by the host structures. In this project, we
developed single-walled carbon nanotube (SWCNT) thin film enabled fiber sensors - SWCNT-
FibSen to address this challenge. The fabrication of SWCNT-FibSen is simple, cost-effective, and
environmental benign. It can be noninvasively embedded into a polymeric composite structure
as a multimodal/multifunction/multipurpose sensor for life-long (from manufacturing to
failure) SHM of the host structure. The fundamental knowledge acquired on the piezoresistive
mechanism(s) of SWCNT thin films allows for establishing the processing-structure-property
relationships of SWCNT-FibSen sensors, which will pave the way for their large-scale production
and deployment in monitoring the health states of high-performance polymeric composite
structures.

The key research achievements for this project are summarized below:

1) New and reliable methods were developed in characterizing the structural parameters of
SWCNTSs in the dispersion — length and length distribution, diameter, defect density, mass
density, molecular mass, and surfactant adsorption. This is critical for establishing the
processing-structure-property relationships of SWCNT-FibSen and their large-scale
production;

2) A continuous spray coating and winding process was developed to fabricate SWCNT-FibSen
sensors;

3) The tailorable sensing characteristics of SWCNT-FibSen have been successfully demonstrate
through manipulating the SWCNT structures in the dispersion, forming hybrids with
graphite nanoplatelets, controlling the orientation of SWCNTs and selecting different types
of fiber substrates, such as glass fiber, polyaramid fiber, nylon fiber, and PET fiber;

4) As noninvasive and embedded sensors, the multipurpose sensing capabilities of SWCNT-
FibSen for life-long SHM of polymeric composite structure were successfully demonstrated.
During the composite manufacturing process, the resin curing can be in-situ monitored by
SWCNT-FibSen. After the composite manufacturing process, the same embedded SWCNT-
FibSen is capable of detecting/mapping the different mechanical deformation modes -
tension, bending, and compression as well as the failure of the host structure;

5) By following the similar concept and using the same methods/protocols, we also developed
graphite nanoplatelet enabled fiber sensor — GNP-FibSen that can be used as noninvasive
and embedded sensors for in situ curing monitoring and structural health monitoring of
polymeric composites;

6) 10 papers were published in the high-impact journals of the related field, which include
Advance Materials, Carbon, Macromolecules, Langmuir, The journal of Physical Chemistry C,
RSC Advances, and Macromolecular Chemistry and Physics.



The past three-year research efforts have established a strong foundation, from both
the fundamental and applied viewpoints, to prove the feasibility and great potential of using
SWCNT-FibSen and GNP-FibSen as the non-invasive, embeddable, and
multimodal/multifunction/multipurpose sensors for SHM of high-performance polymeric
composite structures. On the pathway to materialize and mature this new technology, we
identify the following key issues/needs that should be the subjects for future research and
development.

1) On the basis of the experimentally established processing-structure-property relationships,
simulation and modeling tools need to be developed for better design and optimize the
sensing performance of SWCNT-FibSen and GNP-FibSen sensors;

2) In the fabrication of SWCNT-FibSen and GNP-FibSen sensors, the final product yield and
utilization rate of SWCNT and GNP dispersion need to be improved;

3) With a focus on exploring the miniaturized, onboard and wireless sensing devices/systems,
the appropriate power and communication schemes for the embedded SWCNT-FibSen and
GNP-FibSen need to be developed;

4) Appropriate passivating/insulating/packaging methods are needed to protect SWCNT-
FibSen and GNP-FibSen to allow their use in the SHM of electrically conducting high-
performance polymeric composite structures, e.g., carbon fiber reinforced composites.

2. Introduction

Structural health monitoring (SHM) integrates sensors and sensor networks with
structures, e.g., composite aviation vehicles and civil infrastructures, to provide a system-level
technology for detection, identification, quantification and decision about their health states [1,
2]. The sensors and sensing system that have been traditionally adopted for SHM applications
include metallic strain gage, semiconductor or metal oxide thin or thick films [3, 4],
piezoelectric sensors [5, 6], optical fiber sensors [7, 8, 9, 10], eddy-current sensors [11, 12],
and magnetostrictive sensors [13]. The recent discovery of the highly sensitive piezoresistivity
of carbon nanotubes (CNTs) stimulates great interests in exploring this novel material for
developing smart and multifunctional sensors for SHM applications [14, 15, 16]. Very high
piezoresistive gauge factors between ~200 to ~3000 have been reported for an individual
SWCNT [14,15,17]. This property makes individual SWCNTs highly promising for high
resolution/sensitivity NEMs strain sensors. However, due to the nanoscale dimension of
SWCNTs and their chirality heterogeneity, there have been tremendous difficulties in
consistently fabricating individual SWCNT based devices for practical use. To overcome such
difficulties, different methods have been proposed in scaling up these nanoscale sensors by
using the ensembles of CNTs as the sensing elements. With CNT thin film or buckypaper as the
2-dimensional (2D) sensing elements, the utility of CNTs for strain and corrosion sensing has
been demonstrated [18, 19, 20]. In addition, by dispersing CNTs as 3-dimensional (3D)
distributed sensing elements, Chou et al. systematically studied their usefulness for damage
and failure sensing of glass fiber composites [21, 22, 23]. Using a 1D ensemble structure of CNTs
referred to as CNT yarn, Zhao et al [24] and Abot et al [25] both demonstrated the value of CNT
based 1D sensing elements as embedded sensors for monitoring the crack initiation and



propagation in composite structures. With glass fiber as substrate, Sebastian et al [26] and
Zhang et al [27] respectively applied chemical vapor deposition (CVD) and electrophoretic
deposition method to fabricate CNT enabled 1D fiber sensors and explored their application as
embedded sensors for damage detection of epoxy matrix or related composites.

Regardless of the sensor type and sensing mechanism(s), some critical characteristics
are required for the in-situ or embedded SHM sensors. First, the embedment of SHM sensors
must not adversely affect the mechanical properties of the structure being monitored; and the
process to incorporate the sensors into the composite structure should be easily implemented
and compatible with the manufacturing process of the structure itself. Second, the embedded
sensors must be able to survive the pressures and temperatures encountered in the fabrication
process of the composite structures, retaining sensing characteristics during the service time of
the structure. Third, the sensor fabrication and implementation processes should ensure
consistent sensing characteristics for the embedded sensors from one composite structure to
another. Fourth, the cost of the SHM sensors and their fabrication should be reasonably low to
justify its use for in-situ SHM. This is especially important for wide deployment of an in-situ
SHM system, since the number of sensors required in such system may be huge depending
upon the size and the desired coverage area of the structure being monitored. For instance, an
SHM system of an aerospace vehicle [28, 29] may require 100-1000 sensors. To monitor a small
area of delamination, e.g., 5 mm in diameter, requires a sensor network with sensors placed
approximately every 50 mm to detect damage [30]. To improve the reliability of a given SHM
system by implementing redundant sensors, the number of sensors can be further increased.

As disclosed and discussed in details in this report, we will show that all the above
mentioned criteria can be met by a novel 1D sensing element - single-walled carbon nanotube
(SWCNT) thin film enabled fiber sensors - SWCNT-FibSen. With a continuous single filament of,
e.g., glass fiber, Kevlar fiber, etc., as the substrate (a few tens of um in diameter), the SWCNT-
FibSen sensors were fabricated through a continuous spray coating and winding process. In
comparison to the previously developed CNT enabled 1D sensors [24, 25, 26, 27], the
fabrication of SWCNT-FibSen is simple, cost-effective, and environmental benign. A typical areal
density of SWCNT coating in a SWCNT-FibSen is a few to a few hundreds of ug/cmz. This makes
the materials cost of SWCNT-FibSen very low, even though the raw materials of SWCNTSs are
quite expensive. Furthermore, the sensing characteristics of SWCNT-FibSen can be tailored
through manipulating the SWCNT structures in the dispersion [31], forming hybrids with other
types of nanomaterials [32], controlling the SWCNT orientations, and selecting different types
of fiber substrates, such as glass fiber, polyaramid fiber, nylon fiber, and PET fiber. Moreover,
when embedded into polymeric composites, the SWCNT-FibSen can be used as a multipurpose
sensor for life-long (from manufacturing to failure) SHM of the host structure. During the
composite manufacturing process, the resin curing can be in-situ monitored by the resistance
change of the SWCNT-FibSen. Given its embedded nature, the SWCNT-FibSen provides the resin
curing information in the interior of the host composite structure, which cannot be readily
accessed by other techniques, e.g., differential scanning calorimetry (DSC) [33]. This is
considered a great advantage of SWCNT-FibSen for its use in improving the quality assurance of
composite manufacturing process. After the composite manufacturing process, the same
embedded SWCNT-FibSen is capable of detecting the different mechanical deformation modes



- tension, bending, and compression as well as the failure of the host structure. The
strain/stress mapping can be readily implemented by deploying multiple SWCNT-FibSen sensors
at the prescribed orientations and/or locations of the host composite. Last but not least,
through a 10,000-cyclic coupled electromechanical test, the embedded SWCNT-FibSen sensor
only showed a minor change of the sensor resistance and its piezoresistive sensitivity, which
proves the superior robustness of SWCNT-FibSen as the embedded sensors in SHM application.

The large-scale manufacturing and facile deployment capabilities of SWCNT-FibSen
sensors as well as their non-invasiveness, robustness, and the ability for in-situ manufacturing
process monitoring make SWCNT-FibSen a vantage technique for accurate local damage
detection and strain mapping in many complex engineered systems made with lightweight
composites, such as a manned or unmanned vehicle airframe or a space satellite optical mirror
support. Given the promise of SWCNT-FibSen, its large scale production and deployment
requires a fundamental understanding of the sensor processing-structure-property
relationships. To this regard, we have developed a series of techniques [34, 35, 36, 37, 38] that
enables the determination of the length and length distribution, diameter, molecular mass,
mass density, defect density of SWCNTSs in the dispersion. With assistance of these methods,
the particular interesting and important questions to be answered regarding the processing-
structure-property relationship of SWCNT-FibSen sensors are: how do the structures of SWCNTs
in the dispersion affect the piezoresistive behavior of SWCNT-FibSen? What are the roles of
SWCNT orientation/alignment states in dictating the piezoresistive mechanism(s) of CNT-based
strain sensors? The answers to these questions are critical for optimizing the piezoresistive
performance of SWCNT thin films and ultimately it may lead to producing highly sensitive
SWCNT-FibSen sensors. Additionally, the fundamental knowledge acquired here can be
valuable to help resolving a few apparently contradictory findings/conclusions derived from the
simulation studies on the piezoresistive properties of CNT based strain sensors [39, 40, 41, 42,
43].

3. Methods and Procedures

3.1 Preparation of SWCNT dispersions

Purified single-wall carbon nanotube raw materials (HiPco® SWCNT) were purchased
from Carbon Nanotechnologies Inc. (PO # 355) and used as-received. The SWCNT aqueous
dispersion was prepared by sonicating a mixture of SWCNT, deionized water, and sodium
dodecylbenzenesulfonate (SDBS, CAS # 25155-30-10, Sigma-Aldrich) in an ice bath using a
Misonix 3000 probe sonicator (20 kHz). The sonicator was operated in a pulse operation mode
(on 10 s, off 30 s) with the power set at 45 W. While maintaining a fixed SWCNT dispersion
composition - 16 mg SWCNTs in 100 mL H20 with 0.7 wt. % SDBS, we varied the effective
sonication time (0.5 hr, 1 hr, 2 hr, 4 hr, 10 hr, 30 hr and 50 hr) to tailor the SWCNT length and
bundle diameter in the dispersion. High-centration dispersions were also similarly prepared by
sonicating a mixture of 0.12 g SWCNT raw materials (Lot # PO258, UnidymTM) and 2.4 g SDBS in
100 g deionized water in an ice bath using a Misonix 3000 probe sonicator (20 kHz). In some
cases, mild sonication was performed by a Bransonic 2510 bath sonicator operated at 37 kHz in
continuous mode with power level set at 100 W to minimize the cutting effect induced tube
length shortening.



To further manipulate the structures of SWCNTs in the dispersion used for thin film
preparation, the as-sonicated SWCNT dispersions was further subjected to an
ultracentrifugation process for 2-hrs using Optima™ MAX-XP benchtop ultracentrifuge
(Beckman Coulter, MLS-50 swinging bucket rotor) at a constant g-force acceleration. At the end
of centrifugation process, the supernatant was carefully decanted and collected. With a similar
protocol, the individualized SWCNT dispersions, in which the tubes are enriched with individual
SWCNTs, were prepared by centrifuging an as-sonicated dispersion at 200,000 g-force for 2.45
hrs.

3.2 Characterization of SWCNT dispersions
3.2.1 Spectroscopic Characterization of SWCNT dispersions

A Renishaw inVia Raman microscope (785 nm excitation laser in backscattering
geometry) was used for simultaneously collecting the Raman scattering and photoluminescence
(PL) spectra of SWCNT dispersions. The simultaneously acquired Raman scattering and PL
spectra allow the examination of the exfoliation or bundling states of SWCNT dispersion [44].
Attal et al. [45] demonstrated the use of UV-Visible absorption spectroscopy as a simple,
accurate, convenient, and rapid tool for determining the SWCNT concentration in different
surfactant-dispersed aqueous systems. By following a similar approach, we measured the
optical absorbance — Abs of the SWCNT dispersion with a Varian Cary 5000 UV-Vis—NIR
spectrometer (optical path / = 0.5 cm), which was then used for accurately determining the
SWCNT concentration — C according to Beer’s law: Abs = ¢Cl. In this practice, the previously
determined ¢ value [44] 1.03 £+ 0.15 x 10-18 cm2/C-atom = 0.052 + 0.008 L/(mg cm) was taken
as the absorption cross-section of SWCNTs at 785 nm.

3.2.2 Sedimentation, Diffusion and Intrinsic Viscosity Measurement of SWCNT dispersions

With the OptimaTM MAX-XP ultracentrifuge (Beckman Coulter, Inc., TLA-100.3, 30°
fixed angle rotor) and a Varian Cary 5000 UV-Vis-NIR spectrometer, the PUM method
developed previously [34] was applied to obtain the sedimentation functions of SWCNT
dispersions (13,000 g-force for as-sonicated dispersions and 65,000 g-force for individualized
dispersion). According to the analytical sedimentation solution derived by Mason et al. [46] and
Shiragami et al. [47], the experimentally acquired sedimentation function was then numerically
fitted to extract the bulk averaged sedimentation coefficient- s of SWCNTSs.

Dynamic light scattering (DLS) was conducted by using a Delsa Nano C Particle Size
Analyzer (Beckman Coulter, Inc.) to determine the diffusion coefficient Dg of SWCNTSs in the
dispersion. In DLS measurements, the time fluctuation of the scattered light intensity, Is(t), of
the SWCNT dispersion was recorded at 25 °C at a fixed scattering angle of 165°. It was used for
calculating the time correlation functions, gl(t), of the scattered electric field, which was then
fitted by the well-known CONTIN method to extract the particle diffusion coefficient Dg.

An Ubbelohde capillary viscometer (Cannon Instrument Company, # 1B, calibration
constant of 0.05) was used for measuring the viscosity of SWCNT dispersions at 25 °C with
temperature controlled by an electro-thermostatic water cabinet (+ 0.3 °C specified accuracy).
During the measurement, the sample flow was videoed at 25 frames per second, which was
then image processed for accurately determining the flow time. As an error control protocol,
the viscosity of pure water (p = 0.998 g/cm3 at 25 °C) was measured at the end of each sample



test and compared with the standard value. With this practice, a total of 31 measurements on
water were performed during the entire course of SWCNT dispersion viscosity test. It resulted
in an averaged viscosity of 0.899 + 0.007 cP. This value is slightly higher than the standard
viscosity 0.8902 cP of water at 25 °C [48]. This difference is attributed to the kinetic energy
effect caused by the relatively short flow time of water (17.99 + 0.15 sec) in capillary # 1B. With
the standard value of 0.8902 cP as a calibration, the kinetic energy corrected Poiseulle relation
for the # 1B capillary was obtained as n (cP) = 0.05t — 0.168/t. This relation was further used to
calculate the viscosity of a given SWCNT dispersion and its diluted samples according to the
experimentally measured flow time. Typically, each of the as-prepared SWCNT dispersion of
concentration CO was diluted to 4 - 5 samples with concentration ranging from (0.2 - 1) x CO for
viscosity test. The corresponding SWCNT concentration (g/cm3) was determined by UV-Vis-NIR
spectroscopy according to the procedures described previously. According to Eq. (1) (See
Results and Discussion), a linear fitting of the SWCNT concentration against the corresponding
dispersion viscosity was applied to determine the intrinsic viscosity [n]..

3.2.3 Microscopy examination of SWCNT dispersions

High-resolution transmission electron microscopy (HR-TEM, JEM—-ARM200cF, JEOL Ltd.)
was applied for qualitative examination of the morphologies of SWCNTs. The TEM sample was
prepared by drop casting and drying SWCNT dispersion on a Lacey grid (300 mesh Cu: Ted
Pella). The tapping mode AFM (Veeco Instruments, Inc. Multimode) was used to acquire images
of the individualized SWCNTs on a silicon wafer substrate under ambient conditions to
determine the length distribution and validate the GEP-SRSPL results. The experimental details
for GEP-SRSPL method is given below.

3.2.4 Gel Electrophoresis of SWCNTs mapped by Simultaneous Raman scattering and
Photoluminescence spectroscopy

Agarose gel with fixed solid content of 0.7 wt. % was prepared for performing the gel
electrophoresis of SWCNT dispersion. In brief, 1.05 grams of agarose powder (BE A500, LOT# -
12D2005, MIDSCI — Laboratory Equipment & Supplies) was dissolved in 150 ml of 0.7 wt. %
SDBS aqueous solution by magnetic stirring at elevated temperature. The clear agarose
solution was subsequently cooled to 55°C and then poured into a gel casting tray (15 cm x 10
cm) for further cooling and gel formation. During this process, a comb template was inserted
for forming sample loading well. To perform the gel electrophoresis of SWCNT dispersion, the
fully gelled agarose slab was carefully placed into the electrophoresis chamber (17.5 cm x 26.5
cm gel tank, E1015-10-GT - VMR® Midi plus Horizontal Electrophoresis system), in which 400ml
of 0.7 wt. % SDBS aqueous solution was filled as the buffer solution. In a typical electrophoresis
run, the individualized SWCNT dispersion was loaded and subjected to a constant electric field
of 10V/26 cm = 0.385 V/cm for 1 hr. Varied field strength was also examined to verify that, with
this field strength setting, the electrophoresis mobility of SWCNTs is field-independent.
Immediately after the electrophoresis, the gel sample was then cut into a small block (2.5cm x
1.5cmx 1.0cm) for mapping the Raman scattering spectra of electrophoresed SWCNTs with a
Reinshaw inVia Raman microscope. The Raman mapping process was facilitated by a computer-
controlled motorized XYZ sample stage that has a step resolution of 1 um. The gel block, which
was supported by a glass slide and mounted on the XYZ stage, was mapped along the
electrophoresis trace with the sample well as the origin and equal spaced interval (200 um per




spectrum) for simultaneous collection of the Raman scattering and PL emission spectra of
electrophoresed SWCNTs. The spectra were collected in backscattering geometry by a 5x
objective with a 785 nm (1.58 eV) diode laser as the excitation source. The beam size was
approximately 100 um x 150 um. For each mapping process, a small-sized silicon wafer was
positioned beside the sample well as a reference for facilitating laser beam focus. No attempt
was taken to re-adjust the focus during the mapping process. This is critical for eliminating the
optics change induced intensity variation so that one can directly associate the detected Raman
and PL intensity to the SWCNT concentration. The experimental procedure for SRSPL mapping
was validated by mapping the Raman spectra of a silicon wafer placed on a cut gel block. Over
the entire mapping range, the relative variation of the Raman intensity of the silicon wafer was
found to be 1.8 %, which confirms the mapping protocols described above.

3.3 Fabrication of SWCNT thin film piezoresistive sensors

Spray coating was carried out with lwata Eclipse HP-BS airbrush operated at 200 kPa to
deposit an appropriate amount of SWCNT dispersion on a substrate for fabricating SWCNT thin
films. Two different types of substrates were selected. One was biaxially stretched polyethylene
terephthalate (PET) film 0.25 mm thick (ES301450, Goodfellow Corp.). The other was a
polydimethylsiloxane (PDMS) sheet prepared in-house by mold casting of Sylgard 184 silicone
elastomer kit purchased from Dow Corning. The formulation and curing conditions provided by
the vendor were followed in preparing PDMS substrate. Namely, 10 parts base silicone polymer
was thoroughly mixed with 1 part curing agent. The mixture was then cast into a glass mold and
cured at 100°C for 2 hrs. The sensors supported by a PET substrate and PDMS substrate, which
are respectively termed as PET and PDMS sensors, were used for studying the SWCNT thin film
sensing characteristics for small-deformation (< 2 % tensile strain) and large deformation (up to
30 % tensile strain), respectively. The strain-to-failure for PET and PDMS substrate were 3 %
and 60 % respectively.

In the spray process, the substrate was heated by a hot plate (1000-1 Precision Hot
Plate, Electronic Micro Systems Ltd.) set at 85°C to accelerate the solvent (water) evaporation
and facilitate thin film formation. In addition, the spray was confined to a predetermined region
such that the SWCNT thin film formed on the substrate had a rectangular shape. Typically, the
size of SWCNT thin film formed on PET substrate was 3.5 cm x 3.5 cm, and was 1 cm x 1.5 cm
on the PDMS substrate. After the spraying process, the as-prepared SWCNT thin film was
further subjected to immersion treatment in deionized H20 overnight to remove the residual
SDBS molecules. Followed by an immersion treatment, the SWCNT thin film was dried in air at
ambient temperature and ready for the subsequent attachment of electrodes in preparing the
piezoresistive sensors. Both 4-probe and 2-probe configurations were attempted in electrode
preparation. In the 4-probe configuration, four copper wires were fixed to the corners of the
rectangular SWCNT thin film by using silver paste. In the 2-probe configuration, the self-
adhesive conductive copper tape was applied to the two end-sides of the rectangular SWCNT
thin film for electrode preparation. After attaching the electrodes, the PDMS sensor was further
packaged in PDMS matrix by following the similar procedure that was described previously for
PDMS substrate preparation. The packaging process prevents the electrode from detaching
when the sensor is subjected to coupled electrical-mechanical test in large deformation tests.



The packaging process was not applied to PET sensor, since its sensing characteristics was
mainly studied for small deformation tests.

To prepare the mechanically-drawn SWCNT thin films, the undrawn film on PET
substrate cut into a strip of width WO = 0.4 cm was stretched by a Q800 dynamic mechanical
analyzer (DMA, TA instruments) with the gauge length set at LO = 0.8 cm. The strip to be
stretched was first equilibrated at 220 °C for 10 mins and then isothermally drawn to the
specified final length L at a strain rate of 1%/min. While the stretched strip was maintained at
the final length, the furnace was cooled down to room temperature to finally give the
mechanically-drawn SWCNT thin film with the desired draw ratio (A = L/L0). With this
procedure, a series of SWCNT thin films with draw ratio of A = 1.2, 1.5, 2.0, 2.2, 2.5, 2.75 and
3.2 were prepared.

3.4 Continuous fabrication of SWCNT-FibSen sensors

Different types of fibers in single filament form, which include glass fiber (woven roving,
part # 223, 20 um in diameter, Fibre Glast Developments Corp.), polyaramid fiber (Twaron®
2200, AR305768, 12 um in diameter, Goodfellow Corp.), Nylon fiber (25 um in diameter,
Invista Inc.), and PET fiber (ES305720, 17um in diameter, Goodfellow Corp.), were used as the
substrate for fabricating SWCNT thin film coated SWCNT-FibSen fiber sensors. The SWCNT-
FibSen sensor was fabricated by an in-house developed continuous spray coating system, which
is schematically shown in Figure 1. The key elements for this system is composed of a computer
controlled stepper motor (Silverpak 17C with PW-100-24 power supply, Lin Engineering Corps.)
and a series of pulley modules for conveying the fiber filament through a spray coating station,
heating station, and immersion washing station. In a typical coating process, the motor winding
speed was set at ~1 cm/min. The spray coating station is assembled by fixing a spraying nozzle
(adjustable nozzle set, part # AD-NOZ_001, Nanotrons Corp.) on a steel rod to distribute SWCNT
dispersion mist on to the fiber filament. An Iwata air compressor operated at 200 kPa was used
to deliver SWCNT dispersion to the nozzle. Downstream of the spray coating station is a heating
station, which is composed of a heat gun (Master Heat Gun®, HG-301A, 260° C) set 20 cm away
from the fiber filament for evaporating water to accelerate the SWCNT thin film formation.
After the heating station, the SWCNT thin film coated fiber filament was then passed through a
bath of deionized water to remove the residual SDBS molecules. After the immersion washing
process, the SWCNT-FibSen sensor was then dried in air at ambient temperature and ready for
later use.

3.5 Fabrication of glass fiber reinforced composite (GFRC) laminates embedded with SWCNT-
FibSen sensors

A vacuum bagging process was used to fabricate fiberglass prepregs (Prepreg 7781 E-
Glass, part # 3100, 27 % to 33 % resin content, 0/90 fiber orientation, Fibre Glast Developments
Corp.) into laminate coupon samples to demonstrate the use of SWCNT-FibSen sensors for
monitoring the resin curing during the composite manufacturing process, mapping the
stress/strain field and detecting damage and failure for SHM of composite structures. A typical
laminate coupon was composed of 2-layer (for cyclic tension and compression as well as
tension-to-failure test) or 3-layer (for cyclic 3-point bending test) stacked prepregs, which were
pre-cut into a rectangular shape of ~5 cm x ~2 cm before use. With the pre-determined



orientation and position design, a single or multiple SWCNT- FibSen sensors and the
corresponding gold wire electrodes (~ 50 um diameter, LOT # 29001, California Fine Wire
Company) were manually sandwiched between the prepreg stacks. The prepregs embedded
with SWCNT-FibSen sensors were then placed in a vacuum bag system that was operated at
one standard atmospheric pressure (0.1 MPa) and heated by a hot plate (Manual Hydraulic
Press, Specac Corp.) to induce the resin curing process. The curing protocols suggested by the
prepreg vendor were followed: temperature first ramped from room temperature to 143 °C
and then maintained at 143 °C isothermally for 2 hrs. In the prepreg curing process, the
resistance change of the embedded SWCNT-FibSen sensor was simultaneously monitored by a
Keithley 2401 Sourcemeter® controlled by a homemade LabVIEW user interface.

Stepper
motor

Fiber spool

Q! Water bath [ D

e

Figure 1. A schematic diagram of the continuous spray coating process for fabricating SWCNT-
FibSen sensor.
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3.6 Characterization and Piezoresistivity Evaluation of Various SWCNT sensors

Scanning electron microscopy (SEM) was performed with JEOL 7400 at 10 kV for
examining the morphologies of SWCNT thin films, both oriented and unoriented. The samples
were sputter coated with gold prior to SEM imaging. The same instrument was also used to
acquire the EDX (Energy dispersive X-ray) spectra to examine the residual SDBS molecules in the
SWCNT thin film samples. A Varian Cary 5000 UV-vis-NIR spectrometer was used to record the
optical absorption spectra of SWCNT thin film piezoresistive sensors from 300 nm to 1300 nm.
In the measurements, blank PET and PDMS substrates were used as the reference respectively
for the PET sensors and PDMS sensors.

Coupled electrical-mechanical testing was applied to evaluate the sensing characteristics
of SWCNT thin film piezoresistive sensors. The PET or PDMS sensor was subjected to cyclic
tensile deformation applied by AGS-J mechanical test machine (Shimadzu Scientific
Instruments, Inc., 500 N load cell). The typical settings in the tensile test of PET sensors were:
10 mm gauge length, 0.2 mm maximum displacement, and 0.5 mm/min displacement rate. The
cyclic tensile test settings for PDMS sensors were: 10.5 mm gauge length, 3 mm maximum
displacement, and 2 mm/min displacement rate. While the SWCNT thin film piezoresistive
sensors were subjected to cyclic tensile deformation, the electrical resistance of the sensor was
simultaneously measured. The real-time resistance for the sensor with 2-probe electrode



configuration was recorded by a Keithley 2182A nanovoltmeter and Keithley 6221 current
source controlled by a homemade LabVIEW user interface. The resistance change for the
sensors with 4-probe electrode configuration was examined according to the van der Pauw
method [49] by using the same setup in conjunction with an Agilent 3499B switch/control
system. Due to the limitation of the switching speed of Agilent 3499B, measuring the real-time
resistance change in 4-probe configuration was not feasible. Instead, the resistance for the
sensors with 4-probe electrode configuration was measured statically at a set of discrete strain
levels.

The piezoresistivity of the standalone SWCNT-FibSen sensor was tested at room
temperature by a coupled electrical-cyclic tensile testing method. The fiber sensor, glued on a
perforated cardboard and applied with silver paste on its two ends as electrodes, was subjected
to cyclic mechanical tension at room temperature applied by a dynamic mechanical analyzer
(@800, TA Instrument Inc.). For DMA measurement, the gauge length, the amplitude of the
displacement and displacement rate were respectively set at 8.5 mm, 0.1 mm and 0.4 mm/min.
An AGS-J mechanical test machine (500 N load cell, Shimadzu Scientific Instruments, Inc.) was
used to apply varied mechanical deformation mode — cyclic tension, cyclic compression, cyclic
3-point bending, and tension-to-failure test to the laminates in which the SWCNT-FibSen
sensors were embedded. The typical conditions for AGS-J tests were: for cyclic tension, the
gauge length, the amplitude of the displacement, and the displacement rate were respectively
set at 20 mm, 0.2 mm and 1 mm/min; for cyclic compression, the amplitude of the
displacement and displacement rate were respectively set at 0.4 mm and 3 mm/min; for cyclic
3-point bending, the maximum span, the amplitude of the displacement and displacement rate
were respectively set at 30 mm, 4 mm and 20 mm/min; and for tension to failure test, the
gauge length of the specimen was set at 20 mm and stretched to failure at a displacement rate
of 1 mm/min. During DMA and AGS-J test, a Keithley 2401 Sourcemeter® controlled by a
homemade LabVIEW user interface was used for recording the sensor resistance. The same
electronic devices in combination with an Agilent 3499B switch/control system and a 44473A
4x4 matrix module (Max. scan rate ~ 0.02 second/channel) were used for simultaneously
recording the resistance when multiple sensors were involved.

Polarized Raman spectroscopy was applied to quantitatively determine the degree of
orientation of the mechanically-drawn SWCNT thin films. In brief, the polarized Raman spectra
of the stretched SWCNT thin films were collected at room temperature by a Reinshaw inVia
Raman microscope in a backscattering configuration using a 785 nm excitation laser with the
nominal power set to 30 mW. A 5x objective was used to focus the laser beam to result in a
beam size of approximately 100 um x 150 um. A computer-controlled rotational stage was
used to rotate the film sample around the laser beam to vary the angle ®, which was formed
between the polarization direction of the incident laser beam and the drawing direction of the
SWCNT thin film, from 0° to 180° at an interval of 15°. At each ®, both VV and VH Raman
spectra were acquired in the range of 100 cm-1 to 3200 cm-1. In VV configuration, the
polarization of the incident laser beam is parallel to that of the scattered beam; and in VH
configuration, the polarization of the incident laser beam is perpendicular to that of the
scattered beam. According to the procedures given in [50], one can then extract the orientation
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order parameter of SWCNTs by using the Raman intensity variations for both VV and VH spectra
with respect to the azimuthal angle ®.

4, Results and Discussion

4.1 Structural characterizations of SWCNT dispersion
4.1.1 Combined intrinsic viscosity, sedimentation and diffusion measurements for determining
the length, diameter, molecular mass, mass density and surfactant adsorption

When polymers or colloidal particles are dissolved or dispersed in a solvent, the
viscosity of the solution/dispersion (n) relative to that of the neat solvent (n0) is increased. At
very low polymer/particle concentration (C) or volume fraction (¢), the viscosity of the
solution/dispersion is given by [51,52]:

n ~n,@+[7].C)=n,L+[n],4) Eq. (1)

where the coefficient [n]c or [n]y is the intrinsic viscosity - a measure of the hydrodynamic
volume of the dissolved polymer or dispersed particle. [n]c (cm3/g) is related to [n]
(dimensionless) through the density p of the polymer/particle by:

[7], = plnl. Eq. (2)

By considering the analogy between electrostatics and hydrodynamics, Mansfield and Douglas
accurately computed the intrinsic viscosity of the rodlike particles by path integral approach
[53]. According to their calculations, the dimensionless intrinsic viscosity for a cylindrical
particle of length L and diameter d is given by:

-1
_8AZ| | 4A X[1—1.17& +1.233t4%° +1.925t5% 4+ 0,625t12% }

In| —
45 2 1-1.094t +0.757t%"® +1.344t%*% +1.978t*"

o2

Eqg. (3)

[7],

where A = L/d is the aspect ratio of the rod; and t = 1/In(A). As indicated by Eq. (2) and Eq. (3),
if the particle density is known, the aspect ratio A for a rodlike particle can be determined by
measuring the intrinsic viscosity [n].. With a further assumption of the rod diameter d, the rod
length L can be accordingly calculated from A. This is exactly the approach taken by Parra-
Vasquez et al. for measuring the length of individualized SWCNTs [54]. However, this approach
does not apply to SWCNT bundles — a typical product of as-sonicated SWCNT dispersion. First,
the bundle diameter is not a constant and it decreases with the exfoliation process. Second, the
density of SWCNT bundles is not known a priori and it may vary with the adsorption of
surfactant molecules. This difficulty, as shown below, can be overcome by a combined
measurement of intrinsic viscosity, sedimentation coefficient and diffusion coefficient of
SWCNT dispersions.

According to the hydrodynamic calculations by Tirado [55] and Broersam [56] the
translational friction coefficient, {, for a rodlike particle is given by:
¢, =1500777,LQ(A)

4
—~150077,L . (In2A) .
n + n - n - n + n -
[500 In(A) +188](In 2A)° — 75(In 2A)° —5400(In 2A)? + 13750 In(2A) — 7750

Eq. (4)
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By using Eq. (4) and the definition of sedimentation coefficient —s:

2
Szm(l—PO/P):U(p—Po):ﬂd L(p - po) Eq. (5)
[ Sy 4g,
and the mass-of-center diffusion coefficient — Dg:
k. T
D = B Eq' (6)
° ¢

we can establish the relationship between the experimentally measured quantity s and Dg with
respect to [n]. as:

D, =[kBT jz[ 1 j {[77],,(/*) —po} Eq. (7)
27A ) | 150077,Q(A) [7].

In Eq. (7), po and ng are respectively the solvent density and viscosity measured at temperature
T; kg is the Boltzmann constant. The expressions for Q(A) and [n]4(A) can be found in Eq. (4) and
Eq. (3), respectively. With the help of Eq. (7), a combined measurement of [n], s, and Dg can be
used for uniquely determining the rod aspect ratio — A, from which the rod density — p, volume
— v, mass —m, length — L and diameter — d can also be derived accordingly. The results are gives
as following:

_ [77]¢(A) Eq. (8a)
[77].
s kgT
> Eqg. (8b)
’ De £ = £ |
4[_) 1/3
d _{%} Eq. (8d)
L=Ad Eq. (8e)

As an alternative to Eq. (4), the friction coefficient for rigid rods based on an asymptotic
hydrodynamic model [57] was also used to determine L and d by:

s =M{|n(£j+ 2In2—l} Eq. (9)
12n d
_ kel | (L _
De _3m7L[In[dj+2ln2 1} Eq. (10)

where p and pg are respectively the density of the dispersed particle and the solvent, 1 is the
viscosity of the solvent. To use the simplified Eqg. (9) and (10), one has to assume the density of
SWCNTSs in the dispersion to determine the length and diameter.
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With the experimentally determined results of s, Dg, and [n],, the length L, diameter d,
aspect ratio A, density p, and molecular mass M of the SWCNTs in different dispersions can be
accordingly calculated by Eq. (7) and Eq. (8). Figure 2a shows such determined length
anddiameter values for the SWCNTSs sonicated at varied conditions. It clearly shows a power-
law relationship between d and L - d = 0.12L°°’ - a consequence of simultaneous cutting and
exfoliation of SWCNT bundles. The rigid rod behavior of SWCNTs can be recovered by
considering the relationship between the dimensionless intrinsic viscosity [n]s and the aspect
ratio A = L/d. Figure 2b shows the plot of [n]; against A = L/d. In the same figure, we also
include the results of individualized SWCNTs reported in [54] for comparison. As can be seen
from Figure 2b, all the SWCNT samples — the as-sonicated bundles and the individual tubes
from different work obey the theoretically predicted power-law relationship for rigid rods - [n]
o (L/d)1'76.

10000 —
w0l Experimental ® |ndividualized SWCNT (54)
m =P O Individualized SWCNT
- d=012x L% = 80007 o SWCNT bundles
T 30¢ I~ — [n]y = 0.143 x (L/d)""
£ | 2 6000
o o
& 20} 2
2 L > 4000
8 - 2
a £
10F £ 2000
@) - (b)
0 4000 8000 12000 %o 10 20 30 450
Length L (nm) Aspect Ratio L/d

Figure 2. Power-law relationship between (a) SWCNT bundle length L and diameter d, (b) the
dimensionless intrinsic viscosity [n], and the rod aspect ratio (L/d) for SWCNT bundles and
individualized tubes prepared at different conditions.

Previous studies [58, 59, 60] suggested that the surface coverage of SDBS - nspgs strongly
depends upon the curvature of the substrate being adsorbed. For an individual tube, nspgs can
be as high as 22.5 molecules/nm?; and for a flat graphite surface, a very low value of nspps =
1.45 molecules/nm? was observed. These early findings suggest the curvature effect of SDBS
adsorption on SWCNT bundles. Namely, the value of nspss expects to decrease with increasing
the SWCNT bundle diameter. To examine this speculation, we calculated the values of nspgs for
all the SWCNT bundle samples. In the calculation, the density p, of a pristine SWCNT bundle
and the SDBS adsorption thickness Ic were respectively taken as 1.55 g/cm3 and 2.51 nm. The
results are shown in Figure 3. Within the experimental error, the curvature effect of SDBS
adsorption on SWCNTs is clearly born out. Specifically, the larger is the SWCNT bundle
diameter, the smaller is the SDBS surface coverage.
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Figure 3. Effect of SWCNT diameter - d; or d, on the surface coverage of SDBS adsorption. Solid
line is a guide to the eye. Inset is the adsorption model to depict a monolayer of SDBS adsorbed
on SWCNT with thickness Ic = 2.51 nm.

4.2.2 Gel Electrophoresis and Raman Mapping for Determining the Length Distribution of
SWCNTs

GEP has been proved to be a viable technique to sort SWCNTs by lengths [61]. Under
the influence of an applied electric field, the SWCNTSs of longer length have difficulty traveling
through the gel and show small mobility; while the SWCNTs of shorter lengths migrate through
the gel faster and have large mobility. The electrophoretic mobility p is defined as the migration
speed V,, under unit electric field strength. With this definition, the SWCNT length-dependent
mobility, u, measured along the electrophoresis trace from the edge of the loading well at
distance S is given by:

S

V., _ S
u(L) = T E Eq. (11)

where t is the time duration of the electrophoresis process and the typical setting in our
experiments is 1 hr.; and E is a constant field strength. The inset of Figure 4 shows a photograph
of the electrophoresis trace of the S2hr-200kg dispersion — an individualized SWCNT dispersion
prepared by centrifuging a two-hour sonicated SWCNT dispersion at 200,000 g-force for 2.45
hrs. The broad dark band observed suggests the sample S2hr-200kg has a broad SWCNT length
distribution. In the electrophoresis direction indicated by the dashed-line arrow, the SWCNTs
with shorter length/higher mobility are located in the front of the band and the SWCNTs with
longer length/smaller mobility are present in the rear of the band. The mobility distribution f
(1) of SWCNTSs can be obtained by mapping the SWCNT concentration along the electrophoresis
trace. This was performed by using the simultaneous Raman scattering and photoluminescence
(SRSPL) spectroscopy as detailed in the experimental section and the results are show in Figure
5.
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Figure 4. SRSPL spectra of S2hr-200kg mapped along the electrophoresis trace at different
distances. The PL emission band of (6, 5) tube is superposed with the Raman G’ band (2577 cm-

1). The inset is the photograph of the individualized SWCNTs (S2hr-200kg) experienced gel
electrophoresis in agarose for 1hr at an electric field of 0.385 V/cm.
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Figure 5. The SWCNT mobility distribution f(u) for S2hr-200kg derived from the GEP-SRSPL
mapping. The scattered data are the experimental results. The smooth curve is a theoretically
fitted result by considering Eq. (12) and the lognormal distribution - g (L) of the SWCNT length
determined by AFM measurements. The fitting parameters are A =1985.3 and B = 10.2.

To derive the length distribution g(L) from f(u), a functional relationship between p and
L for the SWCNTs is necessary. A simple empirical function
1

— _=A+BL Eq. (12
(D) a. (12)
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is attempted for this purpose. In Eq. (12), the coefficients A and B take into account the effect
of charge density of SWCNTs, gel composition and structures, and SWCNT/gel interactions. The
p - L relation in Eq. (12) has been successfully used to describe the length dependent GEP
mobility for a variety of biopolymers, such as DNAs with a broad range of length [62,63,64] as
well as the rod-like bacteriophage fd (length varied from 367 nm to 2808 nm) [65]. The
appropriateness of Eq. (12) in describing the p - L relation of SWCNTs can be further examined
by comparing the f(u) of S2hr-200kg determined by GEP-SRSPL with the one derived from its
length distribution g(L) as measured by AFM (Figure 6). With the lognormal distribution (mean
value of 489.5 nm and standard deviation of 290.5 nm) determined by AFM for S2hr-200kg, we
can accordingly derive its mobility distribution f(u) by using Eq. (12). By setting the parameters
A = 1985.3 and B = 10.2, the best fitted f(u) for S2hr-200kg derived from the AFM length
distribution was obtained and the result is shown in Figure 5. Clearly, except for the small
portion of the distribution at low mobility end, the f(u) derived from the AFM measurement
agrees reasonably well with that directly measured by GEP-SRSPL. This agreement confirms Eq.
(12) as a useful and reasonable tool in describing the p - L relationship for the GEP of SWCNTSs.
With this relation, the length distribution g(L) can be derived from the GEP mobility distribution
f (u), if the values of A and B are known. As shown below, for a given SWCNT dispersion, the
values of A and B can be determined by the new method - GEP-SRSPL developed in this project.

50_ — Lognormal fitting L = 489.5+290.5nm 4.7 nm]
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-
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OO 500 1000 1500 2000 2500

SWCNT Length (nm)

Figure 6. AFM results for the length distribution of the individualized SWCNT sample - S2hr-
200kg.

It has been well established that the PL quantum yield of SWCNT - ¢ strongly depends
on the tube length and its internal defect density [66, 67, 68]. A closed-form solution of ¢ for a
defective SWCNT of finite length L has been developed in our previous work [35], which is given
by Eq. (13):
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where ¢ (o0, 0) represents the intrinsic PL quantum yield of a SWCNT with infinite length and
zero defect density; vn is a parameter to characterize the defect density, in which |, is the
exciton diffusion length, m is the number density of the internal defects associated with a given
SWCNT, and 1/L accounts for one defect formed by the two ends the SWCNT of finite length.
By linking with the SRSPL experiments and considering the p - L relation in Eq. (12), Eq. (13) can
be re-written as:

|4
NG
o _ Pi1—2v | yom—2__ L —p L P Eq. (14a)
G 2 Vi +1 l_PAIH
I( 5 )
p =0 b _|n p-1B P-A Eq. (14b)
B

In Eqg. (14), the newly appeared parameters that have not been defined previously are
the intrinsic optical absorption cross section € and Raman scattering cross section 3 of SWCNTSs.
IPL and IG are respectively the intensity of a PL band and a Raman band experimentally
determined through GEP-SRSPL mapping. By fitting the experimentally measured data set of p
vs. Ip/lg, the four unknown parameters P; — P4 can be determined, from which the coefficients
A and B of the u - L relation can be accordingly derived as A = P, and B = P3/l,.. Eq. (14) was
applied to fit w vs. lpsum /Il results of the S2hr-200kg sample acquired from the GEP-SRSPL
spectra, where Ipsym is the intensity summed over all the five PL bands as shown in Figure 4.
With the peak-fitting procedures, one can also use the individually resolved PL bands to
calculate lpi.(nm)/lc for a specific (n, m) tube. The advantage of using lpisum Over lpi(nm)is to
avoid the uncertainties/ambiguities involved in the peak fitting process. Figure 7a shows the
experimentally determined p vs. lpi.sum /I for S2hr-200kg averaged over three repeating GEP
runs. As shown in Figure 7a, one notes an initial increasing trend of the Ipi.sum /I with . This is
a result of the presence of small amount of SWCNT bundles in the S2hr-200kg sample. Due to
bundling, the PL emission of SWCNTs can be quenched to cause the reduced PL intensity and
therefore the value of lp.sum/lc. With exclusion of the few data points at small values of y, the
u vs. lpsum /lg for s2hr-200kg was fitted according to Eq. (14) and the results are shown in
Figure 7a. The coefficient A obtained by fitting the GEP-SRSPL spectra is 1875.1, which agrees
very well with the value of A = 1958.3 determine by AFM measurements (Figure 5 and 6). Such
agreement further confirms the validity of p - L relationship as described by Eq. (12) and the
usefulness of Eq. (14) in extracting the structural parameters of SWCNT by using the GEP-SRSPL
technique. This point can be further strengthened by a good agreement between the length
distribution of S2hr-200kg determined by AFM and the one calculated according to its mobility
distribution through using the p - L relationship with the coefficient A = 1875.1 and B = 10.2.
The result is shown in Figure 7b.
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Figure 7. (a) Relationship between the GEP mobility and the G-band normalized PL intensity —
IPL-SUM/IG for S2hr-200kg sample: the experimental results versus theoretical fitting according
to Eq. (11). The fitting parameters are: P1 = 656.3, P2 = 1.254, P3 = 714.7, and P4 = 1875.1 b) A
comparison of the length distribution of S2hr-200kg measured by AFM and calculated according
to its mobility distribution determined by GEP-SRSPL through using the p - L relationship with
the coefficient A=1875.1 and B = 10.2.

4.2 Processing-Structure-Property Relationships of SWCNT thin film Piezoresistive Sensors

4.2.1 Effects of film thickness and SWCNT structures

To answer the question how the structures of SWCNTs in the dispersion affect the
piezoresistive behavior of SWCNT thin film based piezoresistive sensors, we varied the
sonication conditions to prepare the SWCNT aqueous dispersions that cover a broad range of
SWCNT diameters and lengths. For all these dispersions, Table 1 provides the results of
sedimentation coefficient - s, diffusion coefficient — DG, and the bulk averaged length and
diameter of SWCNT bundles calculated according to Eq. (9) and (10). The relative error (ratio of
one standard deviation to the mean value) of the sedimentation coefficient was previously
estimated to be ~ 20% [34]. With Monte Carlo simulation [69], the accordingly calculated
SWCNT length and bundle diameter was determined to have a relative error of 6.7% and 12.4%,
respectively. With these dispersions, the corresponding SWCNT thin films were prepared by
spraying coating on both PDMS and PET substrate to investigate the effects of SWCNT
structures on the piezoresistivity of SWCNT thin film sensors. Figure 8 shows the
representative coupled electrical-cyclic tensile testing results for a PET sensor (Figure 8(a), 2hr-
sonicated dispersion sprayed at 20 ml) and a PDMS sensor (Figure 8(b), 50hr-sonicated sprayed
at 10 ml). In the cyclic tensile testing, the maximum tensile strain applied to the PET sensors
and PDMS sensors were respectively set at ~ 2% and ~ 30%. As shown in Figure 8(a), the PET
sensor showed very good linearity on the piezoresistive response in the range of the applied
tensile strain (0 — 2 %). The gauge factor GF, which is a measure of the sensor sensitivity, was
evaluated for the PET sensors by calculating the slope of the relative resistance change with
respect to the applied tensile strain according to:

18



AR/R;) _S((R(£)-Ro)/Ry) 1 R Eq. (15)

GF = t -
o€ o€ R, d¢

where € is the mechanical strain applied to the sensor; and RO and R are respectively the
resistance of the sensor before and after deformation.

Table 1. Processing conditions and the corresponding structural information of SWCNT
dispersions used for fabricating SWCNT thin film piezoresistive sensors on PDMS and PET
substrates

Dispersion

Processing | Properties of SWCNT bundles in the dispersion

Conditions
Sensor

Diffusi

Substrate Sonication | Sedimentation C;el;fsilc?;]nt Average | Average

Duration Coefficient Length Diameter

(hrs) (x10-12 sec) | ¥ 1081 am) | (nm)

cm2/sec)

PDMS 0.5 (1) 140.0 0.53 £ 0.059 5446 22.6
(26 sensors being | 0.5 (2) 89.3 0.79 £0.088 3546 18.4
fabricated by | 4 5.06 279 £0.12 1039 |43
varying the amount
of dispersion in 10 (1) 7.57 3.01+0.34 901 5.6
spray coating | 10 (2) 4.56 3.98 +0.38 677 4.2
process) 50 3.39 4.85+0.42 549 3.7

0.5 40.3 0.89x0.14 3330 12.0
PET

. 1 38.3 1.11+0.17 2571 11.9

(24 sensors being
fabricated by | 2 11.2 1.50 £ 0.056 2030 6.2
varying the amount
spray coating | 19 3.42 4.79 +0.00 557 3.7
process)

30 1.49 6.20+£0.11 447 2.4

Unlike the PET sensor, the relative resistance change of PDMS sensors showed
apparently nonlinear responses in the range of the applied cyclic tensile strains (0 — 30%), as
shown in Figure 8(b). This suggests that the gauge factor for PDMS sensors depends on the
applied strains. For all the PDMS sensors, it was generally observed that the greater is the
applied strain, the higher is the gauge factor. In addition, in the range of 20% - 30% tensile
strain, the relative resistance change of PDMS sensors showed approximately linear
dependence on the applied stain (Figure 8(c)). On the basis of this experimental observation,
the gauge factor for PDMS sensors at large deformation was evaluated according to the slope
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of a linear fitting of the relative resistance change AR/RO with respect to the tensile strain in the
range (20 % - 30 %).
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Figure 8. Representative coupled electrical-cyclic tensile testing results for evaluating the
sensing performance of SWCNT thin film piezoresistive sensors. (a) PET sensor fabricated by
spray coating of 20 ml 2hr-sonicated SWCNT dispersion; (b) PDMS sensor fabricated by spray
coating of 10 ml 50hr-sonicated SWCNT dispersion; (c) Gauge factor evaluation of PDMS
sensors at large deformation - the slope of a linear fitting (smooth lines) of the relative
resistance change AR/RO with respect to the tensile strain in the range (20 % - 30 %).

According to the evaluation methods described above, the gauge factor for all the
sensors (26 PDMS sensors and 24 PET sensors) was calculated. Figure 9 shows the results. The
gauge factor data and the associated error bar (one-standard deviation) for each sensor shown
in Figure 9 are the averaged results over the multiple tensile testing cycles. The plot of the
gauge factor against the optical absorbance at 550 nm allows a study of the effects of film
thickness on the sensing performance of SWCNT thin film piezoresistive sensors, since the
optical absorbance of SWCNT thin film was linearly proportional to its thickness. The results
shown in Figure 9 clearly indicate that the PET sensors do not show thickness-dependent
piezoresistive response. Regardless the different sizes of SWCNT bundles in the dispersion that
was used for fabricating the sensors, a close to unity gauge factor was obtained for PET sensors
at small tensile deformations. Unlike the PET sensors, the PDMS sensors, of which the
piezoresistive response was evaluated at large tensile deformation, showed different thickness-
dependent behaviors. When the PDMS sensors were fabricated from 30-min and 4hr-sonciated
SWCNT dispersion (long and thick SWCNTs), the sensor gauge factor did not show strong
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thickness dependence and it was similar to that of PET sensors. Nevertheless, for the PDMS
sensors fabricated from 10hr- and 50hr-sonciated SWCNT dispersion (short and thin SWCNTSs),
their gauge factor manifested strong positive correlations with the film thickness. Moreover,
the PDMS sensors fabricated from 50hr-sonciated SWCNT dispersion assumed consistently
higher gauge factors than the ones fabricated from 10-hr sonicated SWCNT dispersion. The
mechanism(s) for the PDMS sensors to show the thickness-dependent piezoresistive response is
not clearly understood. However, the detailed packing structure of SWCNTs in the thin film, as
well as its dependence on film thickness and its modification upon large tensile deformation
presumably play a critical role.
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Figure 9. Effect of thin film thickness (optical absorbance) on the gauge factor of SWCNT thin
film piezoresistive sensors. Coupled electrical-cyclic tensile testing was used to evaluate the
gauge factors of PET sensors in the range of small tensile strain (0 — 2 %) and PDMS sensors in
the range of large tensile strain (20% - 30%).

The gauge factor results shown in Figure 9 suggest the compounding effect of film
thickness and SWCNT microstructures on the piezoresistive response of SWCNT thin films. To
further illustrate the role of SWCNT microstructures, we calculated the average values of the
gauge factor for the sensors of different thicknesses but fabricated using the same dispersion
method. The results for both PET and PDMS sensors are shown in Figure 10(a), where the
thickness-averaged gauge factor is plotted against the SWCNT diffusion coefficient of the
corresponding dispersion used for the sensor fabrication. Evidently, by increasing the diffusion
coefficient or decreasing the size of SWCNT bundles in the SWCNT dispersion, the gauge factor
of the correspondingly fabricated PDMS sensor showed a clearly increasing trend. Figure 10(a)
also indicates that, for the PET sensors, the gauge factor dependence on the SWCNT
microstructures was rather weak or negligible.
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Figure 10. Effects of SWCNT microstructures on the piezoresistive performance of SWCNT thin
film sensors. Thickness-averaged gauge factor of SWCNT thin film piezoresistive sensors
depended on: (a) the SWCNT bundle diffusion coefficient in the dispersion; and (b) the inverse
of the excluded volume of SWCNT bundles, which is proportional to the SWCNT number
packing density in the thin film.

The geometric packing problem of thin-rods or fibers has been studied for years [70, 71,
72]. One of the key physical parameters to dictate the packing structure of thin rods is the
excluded volume of the rod - Ve, which is approximately given by dL? — d is the rod diameter
and L is the rod length. The excluded volume refers to the spatial region around a rod that
cannot be accessed by the center of mass of another rod. With this definition, one finds that
the rod packing density — the number of rods packed in a unit volume in a randomly packed rod
ensemble — is proportional to 1/dL% On the basis of this result and using the bulk averaged
diameter and length of SWCNT bundles in the dispersion as determined by the PUM and DLS
methods, we attempted to understand the relationships between the SWCNT packing density
and the gauge factor of SWCNT thin film piezoresistive sensors. Figure 10(b) shows the results.
Similar to Figure 10(a), the gauge factor shown in Figure 10(b) is a thickness-averaged result.
Again, the critical roles of SWCNT microstructures in dictating the piezoresistive behavior of
PDMS sensor for large deformation are evidently shown in Figure 10(b). In contrast to PDMS
sensors, the piezoresistive response of PET sensors for small deformation presents only a weak
or negligible dependence on the SWCNT microstructures. The microstructure-dependent
piezoresistivity of SWCNT thin film sensors being studied here is limited to a finite range of
SWCNT bundle size (447 nm < L £ 5446 nm; 2.4 nm < d £ 22.6 nm). It will be very interesting if
the similar studies are performed for the SWCNTs with even shorter length and diameter. As
suggested by the results shown in Figure 10(b), this could lead to SWCNT thin film sensors with
even higher gauge factor for large deformation.

The mechanism(s) regarding the piezoresistivity of carbon nanotube (CNT)/polymer
nanocomposites have been studied experimentally and numerically [73, 74, 42]. The key factors
being identified to dictate the piezoresistive response of CNT/polymer nanocomposites include
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[73,74]: 1) the significant variation, e.g., breakage or loss contact, of the conductive paths and
network formed by CNTs under applied strains; 2) the change of separation between
neighboring CNTs induced alteration of the tunneling resistance; and 3) the intrinsic electrical
conductivity change of individual CNTs due to mechanical deformation. Given the similarity of
the network structures formed by CNTs in CNT/polymer nanocomposites and those in SWCNT
thin films, one expects these previously identified mechanism(s) could also be applicable to
SWCNT thin film piezoresistive sensors. Nevertheless, considering the lack of load-transfer
medium, i.e., polymer matrix, in SWCNT thin films, we believe the contribution of factor 3) to
the piezoresistivity of SWCNT thin film is negligible, since the externally applied mechanical
strain/stress cannot be efficiently transferred to the individual tubes to induce their
deformation. Instead, it mainly causes the variation of the conductive paths/network formed by
SWCNTs as well as the changes of inter-tube (or inter-SWCNT bundle) distance. This leaves the
factors 1) and 2) to be responsible for the piezoresistive response of SWCNT thin film sensors.
As indicated by the numerical studies in [42], the number of conductive paths in SWCNT thin
film expects to increase with the SWCNT packing density (cc1/dL%). With this in mind and by
noting the results shown in Figure 10 (a) and (b), we further argue that, the piezoresistivity of
SWCNT thin film sensors is dominated by factor 2) for both large (PDMS sensors) and small
deformation (PET sensors). Otherwise, if the factor 1) were the dominated mechanism, the
PDMS sensor should have shown higher gauge factor for smaller SWCNT packing density
(oc1/dL?), since the number of conductive paths are less in this case and the resistance change
of the network is more sensitive to the breakage of conductive paths. Apparently, Figure 10(b)
shows the opposite result — the gauge factor of PDMS sensors increases with increasing the
SWCNT packing density. On the other hand, the observation shown in Figure 10(b) is consistent
with the argument that the factor 2) dictates the piezoresistive response of SWCNT thin film
sensors. This is because, at high SWCNT packing density, the size of SWCNT bundles is smaller
(short L and thin d), which results in an increase of the number of inter-tube (inter-bundle)
contacts/junctions. As a consequence, the ratio of the tunneling resistance to the overall
resistance of the thin film increases and it leads to higher piezoresistive sensitivity [73, 74]. In
conjunction with the fact that the tunneling resistance has an exponential dependence on the
separation of inter-tube (inter-bundle) distance, the same reasoning can also explain that, with
increasing the SWCNT packing density, the SWCNT thin film sensors tested for large
deformation (PDMS sensors) show significantly improved piezoresistive sensitivity than those
tested for small deformation (PET sensors).

4.2.2 Effect of SWCNT orientation

The drastically different piezoresistive behavior of PDMS sensor as compared to that of
PET sensor suggests that the SWCNT orientation in the thin film is critical in dictating the
piezoresistivity of SWCNT thin film sensors. To this regard, both theoretical simulation and
[39,40, 41, 42] experimental research [75, 76] efforts have been devoted to understand the
effects of CNT orientation/alighment on the piezoresistive gauge factor of CNT/polymer
composite strain sensors. Nevertheless, one finds apparently contradictory findings/conclusions
from these previous works. The simulation work by Hu et al. [41] on a 3D CNT network
concluded that the sensor sensitivity increases with decrease of the orientation order, because
the random distribution of CNT can increase the tunneling resistance locations in a network.
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On the contrary, Rahman et al. [39] simulated the piezoresistive response of a 2D CNT network,
which suggested that the gauge factor increases with increasing the CNT orientation first and
then decreases when the CNTs are highly aligned. The gauge factor increase with CNT
orientation has been attributed to the increased tube-tube distance and consequently the
tunneling resistance of the CNT network. However, this view is challenged by the simulation
work of Ye et al. [40] based on a 3D hard-core model with a soft tunneling shell. It has been
found that when a strain is applied, some junctions are enlarged and some are reduced due to
lateral deformation. As a consequence, they concluded that, to improve the piezoresistivity of a
CNT/polymer composite, it is highly desirable for the CNTs to have a normal orientation to the
strain direction. Multiscale simulation studies on 2D and 3D CNT network by Theodosiou et al.
[42] also indicated that a high degree of CNT alignment facilitates the piezoresistive sensitivity
of CNT/polymer composites, but for a different reason. In their study, the intrinsic
piezoresistivity of CNTs rather than the tunneling resistance was attributed as the major
contribution to result in the resistance change of the composite. However, a recent similar
multi-scale simulation study on 3D CNT network by Hu et al. [43] argued that, as compared to
the tunneling resistance and network breakage, the contribution of intrinsic piezoresistivity of
CNTs is limited.

Given the progress being made, however, there is still a lack of experimental studies to
systematically vary and quantify the degree of orientation of CNTs and understand their effects
on the piezoresistivity of CNT based strain sensors. In this project, we made use of spray coating
technique to fabricate thin films of SWCNTs on polyethylene terephthalate (PET) film.
Subsequent mechanical stretching of the PET substrate to different draw ratio at an elevated
temperature allowed for the fabrication of oriented SWCNT thin films with varied degrees of
orientation, of which the corresponding piezoresistivity was then evaluated by the coupled
electrical-mechanical tests. With assistance of polarized Raman spectroscopy and scanning
electron microscopy, the orientation order and morphologies of the stretched SWCNT thin films
were quantitatively and qualitatively evaluated. Such acquired systematic results ultimately
lead to a quantitative relationship between SWCNT alignments and piezoresistive gauge
factors, which expect to be useful for gaining further insightful understanding of the effects of
CNT orientation/alignment on the piezoresistive behavior of CNT based strain sensors.

The piezoresistive behaviours of the SWCNT thin films of different draw ratios were
evaluated by measuring the change in electrical resistance upon the application of a cyclic
tensile strain. Figures 11a and 11b show the representative piezoresistive response of the
unstretched (A = 1) and the stretched (A = 3.2) S2hr SWCNT thin films, repectively. Clearly, the
piezoresistivity or resistance-strain behaviour for both the stretched and unstretched SWCNT
thin films show good linearity, repeatability and stability, which is essential for their use as
reliable strain sensors/gauges.
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Figure 11. Relative changes in electrical resistance for S2 hr SWCNT thin films under cyclic
tensile test. (a) Unstretched thin film with draw ratio A = 1.0; and (b) Stretched thin film with

draw ratio A = 3.2.

Figure 12 compares the GF results for both S2hr and S10hr thin films at different draw
ratios. Within the experimental errors, there is a clear positive correlation between the draw
ratio and gauge factor for both S2hr and S10hr SWCNT thin films. The gauge factor increases by
~ 6% for S2hr thin films from the unstretched (A = 1, GF = 1.30 £ 0.14) to the highly stretched (A
=3.2, GF =7.19 £ 4.76). A similar ~ 3x increase of the GF upon stretching for S10hr SWCNT thin

film was also observed (GF = 1.47 + 0.53 for A = 1 and GF = 4.70 £ 1.63 for A = 3.2). Within the

experimental error, the results shown in Figure 12 also indicate that, the stretched S2hr SWCNT
It is especially the case for

thin films have higher gauge factors as compared to S10hr samples.
high draw ratio samples. This suggests that the CNTs with larger diameter could facilitate the

sensitivity enhancement when considering that the diameter of SWCNT bundles in S2hr thin
films is greater than that in S10hr thin films. The experimental observation here agrees with the
numerical simulations results reported in [40] but is in contradictory to that disclosed in [41]. As
argued in [41], the smaller diameter of CNTs results in a reduced tunnel area that leads to a
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higher tunneling resistance and therefore high piezoresistive sensitivity. In contrast, the work in
[40] identified that the average junction gap variation increases with the CNT diameter. As a
consequence, the larger diameter of CNTs can lead to a higher tunneling resistance change and
therefore high piezoresistive sensitivity. The contradictory prediction in [40] and [41] on the
effect of CNT diameter seems to originate from the negligence of the 3D nature of the tube-
tube junction. In the former case, the 2D aspect of the junction (tunnel area) was emphasized;
and in the latter case, the 1D aspect of the junction (junction gap) was considered. Further

investigations, both experiments and simulations, are necessary to clarify this outstanding
issue.
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Figure 12. Effect of mehcanically drawing on the guage factor of S2hr and S10hr SWCNT thin
films.

Regardless of the effect of SWCNT bundle diameter, the positive correlation between
the draw ratio and the gauge factor of SWCNT thin films shown in Figure 12 is consistent with
the experimental findings previously reported in [31, 75, 76]. That is, the CNT alignment has a
profound effect on the sensitivity of CNT based strain sensors. The higher degree is the CNT
alignment, the higher is the gauge factor. As discussed next, this qualitative effect can be
further understood by quantifying the degree of CNT orientations and establishing its
relationship to the piezoresistive sensitivity of SWCNT thin films.

According to [50] and considering the 2D uniaxial planar orientation of SWCNTs in a
mechanically-drawn SWCNT thin film, we can correspondingly derive the polarized Raman
intensity for both VV and VH configurations as following:

7l2
L (@) oc jf(&)[cos&coscb—sin Gsin®]'de Eq. (16a)
-rl2
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where 0 and ® are the angle formed between the drawing direction and a SWCNT and the
polarization direction of the incident laser beam, respectively. f(0) is the orientation distribution
function of SWCNTs in the thin film. The wrapped Cauchy distribution [77,78,79] has been
successfully used for describing the orientation distribution of a quasi-2D fiber network, e.g.,
paper. Considering the structural similarity bewteen SWCNT thin film and paper, we herein use
the same function:

(1-S°)

To)= {1+ S% — 25 cos(20))

Eqg. (16c)

to approximate the SWCNT oriention distribution in the mechancially-drawn SWCNT thin films.
In Eq. (16c), S is the orientation order paratmeter. It takes a value of 0 for a random distribution
and 1 for a perfectly oriented SWCNT thin film. With the help of Eq. (16a-16c), one can fit the
experimentally collected Raman spectra in VV and VH configuration to readily determine the
order parameter S for a given SWCNT thin film sample. The results of S for both S2hr and S10hr
thin films plotted against the draw ratio are shown in Figure 13. Within the experiemntal error,
it seems that, at the same draw ratio, there is no signficiant difference of the order parameters
for S2hr and S10hr SWCNT thin films. Moreover, one can clearly identify a logarithmic increase
of the order parameter S with the draw ratio. An emiprical relation of S = 0.475InA provides a
nice fitting to quantify the order parameter of a mechanically drawn SWCNT thin film at draw
ratio A. This relation along with the positive correlation between A and GF as observed in Figure
12 once again confirm that, with increasing the degree of SWCNT alignment, the piezoresistive
sensitivity of SWCNT thin film increases.

0 O Sa2hr
O s10hr
0. F — S=0475InA -

o o e
L] L] L]

Orientation Order Parameter S

o
T

1. 1. 2. 2. 3.
Draw Ratio A

Figure 13. The orientational order parameter S for the mechanically-drawn SWCNT thin films at
varied draw ratios.

The mechanically drawing would cause an area increase of the SWCNT thin film and
therefore a decrease of the SWCNT packing density/areal density. This point can be
understood by considering that the SWCNT thin film deforms coincidently with the substrate
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PET. Let A, Ay, and A, be respectively the draw ratio of the PET substrate in the direction of
through-thickness, in-plane transverse, and mechanical drawing. If there is no slippage, the
draw ratio for SWCNT thin film in the direction of in-plane transverse and mechanical drawing
should be the same as A, and A,. In uniaxial stretching (A« = A,) and assuming there is no volume
change of PET, which is a quite reasonable assumption, we have kzkyz = 1. With this relation, we
can readily arrive at Area (A)/Area (A=1) = A\, = 12>, Since A, > 1, we have an increased thin
film area upon drawing. As a consequence, the contribution of tunneling resistance in the
stretched thin film becomes more important due to the directional alignment of SWCNTs as
well as the reduced areal density. Since higher sensitivity of CNT based piezoresistive sensor is
associated with increasing tunneling resistance, this explains the high gauge factors of the
mechanically stretched SWCNT thin films at higher draw ratios. In addition to alighment and
areal density reduction, the stretching induced morphology changes and even breakage of
SWCNT network is also considered to be critical in responsible for the significantly increased
sheet resistance and the corresponding tunneling resistance contribution. To show this point,
Figure 14 compares the SEM images of the S2hr SWCNT thin films at different draw ratios. The
unstretched SWCNT thin film (A = 1.0) is featured by a randomly entangled SWCNT
bundles/ropes. The densely packed SWCNT network results in a large number of intimate
SWCNT-SWCNT contacts/junctions and the related conductive pathways to give high electrical
conductivity or low sheet resistance. With increasing the draw ratio to A= 1.2 and A = 1.5, the
alignment of the SWCNT rope/bundles in the drawing direction becomes apparent. At this
stage, the integrity of the entangled SWCNT network is maintained. Upon stretching the thin
film to A = 2.0, one can clearly visualize the formation of slender microcracks that orients
perpendicularly to the drawing direction. With further increasing the draw ratio (A = 2.2, 2.5,
2.75, and 3.2), the microcracks, in terms of both number and size, gradually grow and connect
to each other to lead to the thin film an “island-bridge” structures. The SWCNTs in the “island”
has a less degree of alignment and packing density than those in the “bridge” region. In order
for the charge carriers to transport through the SWCNT thin film, they have to take the “bridge”
route, where the SWCNT-SWCNT contacts/junctions are significantly reduced due to the high
degree of alignment and low packing density. As a consequence, the charge transport in the
highly drawn SWCNT thin films is dominated by tunneling, which results in the significantly
higher sheet resistance and high piezoresistive sensitivity.

4.3 Hybrid approach to tailor the sensing characteristics of SWCNT thin films

In the application of different types of piezoresistive sensors, e.g., the most widely used
bonded metallic strain gage, due to the temperature-dependent electrical resistance of the
sensing materials, the temperature compensation has to be appropriately carried out in order
to accurately determine the strain/stress levels being measured. [80] This is typically done by
recording the resistance of two identical sensors — one is under strain and the other is free from
deformation. Like the other strain gages, the SWCNT thin film piezoresistive sensors are not
immune from temperature compensation, since the electrical resistance of SWCNTs is
temperature dependent [81]. Nevertheless, by recognizing the different electronic transport
behaviors in graphite nanoplatelets (GNP) and SWCNT thin films — the former (latter) is metallic
(semi-conductive) and has positive (negative) temperature coefficient of resistance, we were
able to fabricate SWCNT/GNP hybrid thin films capable of self-temperature compensation.
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Upon a wise selection of the ratio of SWCNTs to GNPs, we achieved very low (near zero)
temperature coefficients of resistance in a broad temperature range for SWCNT/GNP hybrid
thin film piezoresistive sensors. This unique self-temperature compensation feature and high
sensitivity (GF ~ 8.0) of SWCNT/GNP hybrid thin film piezoresistive sensors provides them a
vantage for readily and accurately measuring the strain/stress levels in different conditions.

Figure 14. SEM images of the mechanically drawn S2hr SWCNT thin films to show the
stretching induced morphological changes of SWCNT network. All the scale bars are for 1 um.
The arrow indicates the stretching direction.

To fabricate SWCNT/GNP hybrid thin films, the SWCNT and GNP aqueous dispersions
were prepared first with sonication process assisted by an anionic surfactant - sodium
dodecylbenzensulfonate (SDBS) by following the procedures as detailed in Experimental
section. The typical composition of SWCNT dispersion includes 0.016 wt. % of SWCNTs and 0.7
wt. % of SDBS; and the typical composition of GNP dispersion includes 0.3 wt. % of GNPs and
0.07 wt. % of SDBS. With the as-sonicated SWCNT and GNP dispersions, a spray coating
technique was carried out to fabricate SWCNT/GNP hybrid thin films. In brief, a fixed amount of
SWCNT dispersion (0.25 ml) was first deposited onto a 4 cm x 4 cm polyethylene terephthalate
(PET) substrate with temperature controlled at 90 °C to facilitate water evaporation.
Subsequent to the deposition of SWCNT dispersion, the as-formed SWCNT thin film was further
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subjected to an immersion treatment in deionized water for 2hr and then dried in air. The
immersion-drying treatment allows for the removal of residual SDBS molecules and form
compact thin film structures [31]. After the layer of SWCNT thin film was formed, a specified
amount of GNP dispersion was then further deposited by following the same procedures for
hybrid thin film formation. By varying the amount of GNP dispersion from 0.125 to 8 ml, we
obtained SWCNT/GNP hybrid thin films covering a broad range of mass ratio of SWCNT to GNP
(0.00167 to 0.107) at different film thickness. For comparison, neat SWCNT and GNP thin films
were also prepared by the similar procedures. Fig. 15a shows the optical photographs of the
neat SWCNT, GNP, and a representative SWCNT/GNP hybrid thin film samples. The
transparent/translucent nature of these films qualifies their “thin” characteristics. The
translucent appearance of GNP and SWCNT/GNP hybrid thin films is due to the strong
scattering of the relatively large sized GNPs (microns in lateral dimension) to the visible light.
The SEM images of the neat SWCNT and GNP thin film respectively shown in Fig. 15b and 15c
clearly reveal the SWCNT rope/bundle entangled network structures in the former and the
stacked mosaic morphologies of GNP platelets in the latter. Fig. 15d and 15e respectively show
the SEM and AFM images of the SWCNT/GNP hybrid thin film. Both images clearly reveal the
mixed structures of SWCNT entangled network and GNP mosaic platelet stacks in the hybrid
film. With AFM imaging, we roughly estimated the lateral dimension (~ 1000 nm) and the
thickness of GNPs (a few nanometers).

3.7 um

Figure 15. (a) Optical photographs of neat SWCNT thin film (left), SWCNT/GNP hybrid thin film
(middle), and neat GNP thin film (right) piezoresistive sensors; (b) SEM image of neat SWCNT
thin film; (c) SEM image of neat GNP thin film; (d) and (e) SEM and AFM image of SWCNT/GNP
hybrid thin film.
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Fig. 16a and 16b respectively show the sheet resistance and gage factor of SWCNT/GNP
hybrid thin films with respect to the amounts of GNPs used for film fabrication. In the same
figure, the results of neat GNP thin films are also shown for comparison. It is evident in Fig. 16a
that, even with an inclusion of small amounts of SWCNTSs, the sheet resistance of SWCNT/GNP
hybrid film is significantly reduced as compared to that of neat GNP films. Associated with the
sheet resistance reduction, the gage factor of SWCNT/GNP hybrid film (Fig. 16b) is accordingly
decreased when compared to that of the neat GNP film. The more SWCNTSs being included, the
less sensitive is the piezoresistive response of the SWCNT/GNP hybrid film. By varying the mass
ratio of SWCNTs to GNPs from 0.00167 to 0.107, the GF of SWCNT/GNP hybrid film is according
decreased from 7.8 + 0.25 to 4.0 + 0.31. The effect of inclusion of SWCNTs in SWCNT/GNP
hybrid film to reduce its sheet resistance and piezoresistive sensitivity is believed to be a
consequence of mixing rule — a balanced result of the high electrical conductivity and low gage
factor of SWCNT network and the low electrical conductivity and high gage factor of GNP
platelet stacked structures.
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Figure 16. Relationships between the GNP mass used for film fabrication on (a) sheet resistance
and (b) gauge factor of neat GNP thin film and SWCNT/GNP hybrid thin film piezoresistive
sensors. The SWCNT mass is kept constant — 4.0 x 10-5 g in SWCNT/GNP sensors.

Temperature compensation is necessary in order for the piezoresistive sensors, e.g.,
bonded metallic strain gage, to given accurate and reliable strain/stress measurement results
[80]. Due to their temperature-dependent electrical resistance, this is also true for neat SWCNT
or GNP thin film piezoresistive sensors. Fig. 17a shows the temperature ramping results for the
selected neat SWCNT and GNP thin film piezoresistive sensors when they were subjected to a
sinusoidal displacement signal with the amplitude and oscillating frequency respectively set at 6
um and 0.2 Hz. Clearly, in the temperature range being tested (30 °C — 85 °C), the neat GNP thin
film shows positive temperature coefficient (PTC) of resistance — the sheet resistance increases
with increasing the temperature. In contrast to GNP thin film, the neat SWCNT thin film shows
negative temperature coefficient (NTC) of resistance — the sheet resistance decreases with
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increasing the temperature. The PTC effect of neat GNP thin film is attributed to the metallic
nature of GNPs. When temperature increases, due to the enhanced phonon/charge carrier
scattering, the mean free path of charge carriers in GNPs is reduced and it causes a decreased
mobility and therefore an increased electrical resistance. The NTC effect of neat SWCNT thin
film is a result of its semi-conductive charge transport behavior. Previous studies [81,82,83]
have shown that the charge transport in SWCNT thin films is dictated by a variable-range
hopping mechanism, which facilitates the charge carrier mobility and reduces the resistance at
high temperature. Considering the opposite effect of increasing temperature on the electrical
resistance of neat SWCNT and GNP thin films, we expect the PTC of GNPs and the NTC of
SWCNTs could be compensated in SWCNT/GNP hybrid thin films to result in the unique self-
temperature compensation property. Furthermore, if the mass ratio of SWCNT to GNP is
appropriately controlled, one may obtain the SWCNT/GNP hybrid thin film piezoresistive
sensors with negligible temperature coefficient of resistance. This hypothesis was confirmed by
the temperature ramping test of the SWCNT/GNP hybrid thin film sensors. The results are
shown in Fig. 17a. As shown in Fig. 17a, by selecting the mass ratio of SWCNT to GNP to be
0.0033, we were able to fabricate the SWCNT/GNP hybrid thin film piezoresistive sensor with
close-to-zero temperature coefficient of resistance. The temperature ramping tests were also
performed for the other SWCNT/GNP thin film piezoresistive sensors. For comparison, in the
same figure, we showed the temperature ramping results for two representative SWCNT/GNP
hybrid thin film sensors with the mass ratio of SWCNT to GNP respectively controlled at 0.0016
and 0.0066. As expected, when the mass ratio of SWCNT to GNP is less than 0.0033, the sensor
shows PTC effect; and when the mass ratio of SWCNT to GNP is greater than 0.0033, the sensor
shows NTC effect.

At the nano- and microscopic length scale, the structure/morphology of SWCNT/GNP
hybrid thin film is formed by random packing of SWCNT and GNP particles. The
granular/particular nature of such thin films implies that, when charge carriers transport in the
film, they must traverse through both SWCNT and GNP domains. As a consequence, we expect
that the mass ratio of SWCNT to GNP is a critical factor to dictate the self-temperature
compensation property of the SWCNT/GNP hybrid thin film sensors. On the contrary, the
deposition sequence of SWCNT and GNP in the formation of SWCNT/GNP thin film is not
important. To verify this point, we fabricated SWCNT/GNP hybrid thin film sensor on PET
substrate by 1) depositing GNP first then SWCNT and 2) depositing a mixture of SWCNT and
GNP dispersion. In both cases, the mass ratio of SWCNT to GNP was controlled at 0.0033. Fig
17b compares the temperature-dependent piezoresistive response of SWCNT/GNP hybrid thin
film sensors thus fabricated. Clearly, regardless the film deposition method, the self-
temperature compensation has been achieved for all the SWCNT/GNP hybrid thin film sensors.
This result confirms that, to have the self-temperature compensation property for SWCNT/GNP
hybrid thin film sensor, the key is to control the mass ratio of SWCNTs to GNPs. Certainly, to
have a complete understanding of the self-temperature compensation behavior of the
SWCNT/GNP hybrid thin films, a further systematic and in-depth study is required to clarify the
roles of some other factors, such as, size, shape, and their distribution, detailed packing
structures, and chemical functionalization of SWCNT and GNP particles in the hybrid thin films.
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Figure 17. (a) Comparison of the temperature effect on the piezoresistive response of neat GNP
thin film (prepared with 15 ml GNP dispersion), neat SWCNT thin film (prepared with 2 ml
SWCNT dispersion), and SWCNT/GNP hybrid thin film sensors (prepared with 0.25 ml SWCNT
dispersion and (a-1) 8 ml GNP dispersion, mass ratio of SWCNT to GNP equals to 0.0016; (a-2) 4
ml GNP dispersion, mass ratio of SWCNT to GNP equals to 0.0033; and (a-3) 2 ml GNP
dispersion, mass ratio of SWCNT to GNP equals to 0.0066). With temperature ramping from 30
°C to 85 °C at a rate of 5 °C /min, a sinusoidal displacement signal (6um in amplitude, 0.2 Hz in
frequency) was applied for coupled electrical-mechanical test. (b) Self-temperature
compensation of SWCNT/GNP hybrid thin films sensors fabricated by: (b-1) depositing SWCNT
first then GNP; (b-2) depositing GNP first then SWCNT; (b-3) depositing a mixture of SWCNT and
GNP dispersion. In all three cases, the mass ratio of SWCNT to GNP was controlled at 0.0033.

4.4 SWCNT-FibSen fiber sensors for life-long structural health monitoring of polymeric
composites - from manufacturing, utilization to failure

4.4.1 Structural characterization of SWCNT-FibSen sensors
With the in-house developed continuous spraying coating process, we have successfully
fabricated SWCNT-FibSen sensors on different types of fiber substrates, which included glass
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fiber, polyaramid fiber, nylon fiber, and polyethylene terephthalate (PET) fiber. Herein, we
focus on SWCNT-FibSen sensors formed on a single filament of glass fiber. Figure 18a shows the
optical photographs of the bare glass fiber bundles and the corresponding SWCNT coated
SWCNT-FibSen sensor. The dark visual appearance of the SWCNT-FibSen is an indication of a
thin layer of SWCNT dense coating formed on the fiber surface, which was corroborated by
SEM imaging examination as shown in Figure 18b (low magnification) and Figure 18c (high
magnification). Albeit its small diameter (~ 20um), the SWCNT thin film formed on the glass
fiber has the similar rope/bundle entangled network morphologies as the one deposited on a
large-area 2D substrate [31].
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Figure 18. (a) Optical photographs of neat glass fiber (inset) and the corresponding SWCNT thin
film coated glass SWCNT-FibSen sensor; (b) and (c) SEM images of glass SWCNT-FibSen sensor
at low and high magpnification, respectively; (d), (e), and (f) Optical photographs of epoxy/glass
fiber composite laminates embedded with glass SWCNT-FibSen sensor that is respectively
oriented at 0 °, 45 °, and 90 ° with respect to the tensile loading direction of the specimen; (g)
Comparison of the Raman scattering spectra of the standalone glass SWCNT-FibSen sensor and
the one embedded in epoxy/glass fiber composite laminate. G-band (1595 cm-1) was used to
normalize the spectra; and the RBM bands (150 cm-1 — 300 cm-1) were scaled by 2x for clarity.
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The SWCNT-FibSen sensors are compatible with the commonly used prepreg techniques
for readily manufacturing polymeric composites with self-sensing capabilities. To demonstrate
this point, the fiber sensor prepared previously was manually sandwiched between two layers
of fiberglass prepregs. Fine gold wire electrodes (50um in diameter) were also incorporated
into prepregs for electrical and piezoresistive test/evaluation. A subsequent vacuum bag/hot
plate curing process was applied to fabricate SWCNT-FibSen enabled glass fiber reinforced
composite (GFRC) coupons. Figure 18d — 18f shows the optical photographs of the
representative GFRC coupons, in which the embedded SWCNT-FibSen sensor was respectively
oriented at 0°, 45°, and 90° with respect to the long axis of the coupon. Raman spectroscopy
was applied to examine the impact of the composite manufacturing process on the chemical
structures of SWCNT-FibSen sensors. Figure 18g compares the Raman spectra of a SWCNT-
FibSen sensor before and after embedding and curing process. Clearly, the key Raman features
of SWCNTs - RBM bands between 150 — 300 cm-1, G-band at 1595 cm-1, and D-band around
1295 cm-1 were preserved upon the manufacturing process [84], which indicates the curing
process has minimal impact to induce chemical structure changes of SWCNT-FibSen sensors.
One also notes the significant intensity suppression of the RBM band for the embedded
SWCNT-FibSen sensor. This is caused by the pressure originated from the cohesive energy of
the epoxy matrix that is applied to SWCNTSs to restrain their radial breathing vibration mode
[85, 86].

4.4.2 In-situ resin curing monitoring of polymeric composites

During the composite manufacturing process, the real-time resistance change of the
embedded SWCNT-FibSen sensors is able to provide valuable insights to reveal the resin curing
process. To demonstrate this point, the laminates of fiberglass prepregs respectively embedded
with glass, polyaramid and nylon based SWCNT-FibSen sensors were subjected to a common
curing and thermal aging process, which includes three stages: 1) temperature ramping from 25
— 143 °C; 2) isothermal at 143 °C for 2 hrs; 3) thermal aging with two cooling-heating cycles
between 30 °C and 143 °C. Regardless of the different fiber substrates and initial sensor
resistance, the general features of these three processing stages were faithfully captured by the
real-time resistance change of the SWCNT-FibSen sensors. The results are shown in Figure 19.

As shown in Figure 19, when the temperature ramped from 25 °C to 143 °C during stage
1, a rapid resistance increase of the SWCNT-FibSen sensor was accordingly observed. The
resistance increase was as high as 9.5 x, 11.8 x, and 12.2 x respectively for glass, polyaramid,
and nylon SWCNT-FibSen sensors. In the subsequent isothermal stage (stage 2), the sensor
resistance initially manifested a decrease then gradually approached to a stabilized value at the
end of stage 2. With a comparison of different types of SWCNT-FibSen sensors, there is a
positive correlation of the resistance change between the initial decrease at the beginning of
stage 2 and the rapid increase during stage 1. In the cyclic thermal-aging of stage 3, the sensor
resistance accordingly followed the temperature cycling sequence, and it increased in the
cooling cycle and decreased in the heating cycle. The resistance change of the embedded
SWCNT-FibSen sensors reflects the corresponding physical state changes of the resin matrix in
the composite manufacturing process. In stage 1, the resin viscosity decreases with
temperature ramping. This allows the resin molecules to readily penetrate/infiltrate into the
SWCNT network to result in its expansion and even breakage of tube/tube contacts. As a result,
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the sensor resistance shows a significant increase. With the proceeding of the curing process,
the cross-linking density increases to cause a drastic increase of the system viscosity as well as
the matrix shrinkage [87]. Consequently, the resin infiltrated SWCNT network accordingly
shrinks to cause the sensor resistance decrease at the beginning of stage 2. During the
isothermal of stage 2, the cross-linked resin network is fully developed to stabilize the sensor
resistance. In the thermal-aging stage 3, the intrinsic negative temperature coefficient (NTC) of
resistance of SWCNT network dominates the sensor resistance behavior. [32,81] In the cooling
cycle, the resistance increases; and in the heating cycle, the resistance decreases. Certainly, the
thermal expansion of the fully cured laminates could also contribute to the sensor resistance
change in stage 3. However, due to the relatively small thermal expansion coefficient of fully
cured epoxy/glass composite (~ 20 ppm/ °C), this effect is negligible as compared to the
intrinsic NTC effect of SWCNT network.
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Figure 19. Resin curing process of the epoxy/glass fiber composite registered by the real-time
resistance change of different types of SWCNT-FibSen sensors (glass, polyaramid and nylon).
Stage 1: temperature ramping from 25 °C to 143 °C ; Stage 2: isothermal at 143 °C for 2 hrs;
Stage 3: cyclic thermal aging — cooling from 143 °C to 30 °C and reheating from 30 °C — 143 °C
twice.

The results shown in Figure 19 suggest the great potential of SWCNT-FibSen sensors for
in-line monitoring the resin curing process, and therefore to provide a simple method for real-
time quality assurance of composite manufacturing. In particular, the SWCNT-FibSen sensors
are able to provide the local curing information in the interior of the laminated prepregs, which
cannot be accessed readily by other commonly used techniques for this purpose, e.g.,

36



differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), infrared
spectroscopy (IRS), optical and dielectric spectroscopy [33, 88].

4.4.3 In-situ structural health monitoring of polymeric composites
4.4.3.1 Coupled electrical — cyclic tension, bending, and compression tests

As demonstrated previously, the resistance change of SWCNT-FibSen sensor provides
useful resin curing information during the composite manufacturing process. On the other
hand, the same embedded sensor can also be used as the piezoresisitve or strain sensor for
monitoring the mechanical loading/deformation of the host composite structures. Figure 20a
shows the coupled electrical-cyclic tensile testing results for a stand-alone glass SWCNT-FibSen
sensor.
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Figure 20. Piezoresistive response of the representative SWCNT-FibSen sensor under cyclic
tensile test. (a) standalone sensor with glass fiber as the substrate; Inset photo in (a) shows that
two ends of the neat fiber sensor was fixed onto two separate cardboard using instant adhesive
before mounting on DMA. (b), (c) and (d) Glass SWCNT-FibSen sensors embedded in
epoxy/glass fiber laminate and oriented at 0 °, 45 °, and 90 ° respectively with respect to the
tensile loading direction.
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Given the noisy signal that was attributed to the experimental difficulty in handling small
sample size (a single glass fiber filament of diameter 20 um), the linear piezoresistive behavior
of the SWCNT-FibSen sensor is apparent. The sensor resistance is linearly proportional to the
applied tensile strain; the higher the tensile strain, the higher is the sensor resistance. The
gauge factor (GF) of the sensor was evaluated to be 1.25 + 0.16. The stand-alone SWCNT-FibSen
sensor shows similar/comparable piezoresistive behavior as the large-area SWCNT thin films
sprayed coated on a 2D PET substrate as reported in our previous studies [31]. In contrast to
the stand-alone sensor, the embedded SWCNT-FibSen sensor subjected to three-stage curing
and thermal-aging process show drastically different piezoresistive behavior. Figure 20b shows
the coupled electrical-cyclic tensile testing results for a glass SWCNT-FibSen sensor embedded
in a fully cured epoxy/glass fiber laminate coupon sample. During the test, the tensile load was
applied to the laminate coupon in the direction of the fiber axis of the SWCNT-FibSen sensor.
Clearly, the embedded sensor shows negative piezoresistity with GF evaluated as -0.81 + 0.03.
The sensor resistance decreases with increasing the tensile strain. The negative piezoresistivity
of the embedded SWCNT-FibSen sensor can be understood within the framework of tunneling
effect as a critical factor to dictate the piezoresistive response of CNT/polymer
nanocomposites.

The negative piezoresistivity of the embedded SWCNT-FibSen sensor can be understood
within the framework that the electrical resistance of CNT nanocomposite is dominated by the
tunneling resistance rather than the intrinsic resistance of the CNTs. When the nanocomposite
is under tension (compression), its resistance would increase (decrease) due to the enlarged
separation and the correspondingly increased (decreased) tunneling resistance between the
neighboring CNTs in the polymer matrix. As discussed previously, when the embedded SWCNT-
FibSen sensor is subjected to the curing process, the resin molecules can penetrate/infiltrate
into the SWCNT network. This effectively transforms the neat SWCNT thin film into a
SWCNT/polymer nanocompoiste system. As a result, one expects that the tunneling-effect
dominated piezoresistive mechanism can also be applied to understand the piezoresistive
behavior of the embedded SWCNT-FibSen sensors. With a consideration of the tunneling effect
as well as the Poisson effect of the epoxy/glass fiber laminate [87], the negative piezoresistivity
of the embedded SWCNT-FibSen sensor observed in Figure 20b can be well explained. When
the laminate is tensioned along the fiber axis direction of the sensor, its transverse direction is
subjected to compression. These two different deformation modes induce mechanical loading
to the fiber sensor respectively in the longitudinal and transverse direction. The longitudinal
loading transferred to the fiber sensor by the laminate tension is through the shear
deformation of the resin matrix; and the transverse loading is a direct result of the laminate
compression. For this reason and a presumed low efficiency of the load transfer in the
longitudinal direction, one expects the resistance change of the embedded SWCNT-FibSen
sensor is dominated by the transverse compression. As a result of the compression, the inter-
tube distance is reduced to cause a decrease of the tunneling resistance in the SWCNT network
and therefore to manifest the embedded SWCNT-FibSen sensor with negative piezoresistivity.
To further verify this idea, the coupled electrical-cyclic tensile test was also applied to the
coupons of epoxy/glass fiber laminate in which the fiber sensor was oriented at 45° and 90°
with respect to the tensile loading direction. The results are shown in Figure 20c and 20d
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respectively. In accordance to the Poisson effect explanation as suggested previously, the fiber
sensor oriented at 90° shows positive piezoresistivity (GF = 0.66 + 0.03). The positive
piezoresistivity for the 90° sensor is attributed to that the transverse direction of the fiber
sensor is subjected to tension, which causes an increase of the inter-tube distance and
therefore an increase of the sensor resistance. It is now clear that, when the fiber sensor is in 0°
degree orientation with respect to the external tension, its transverse direction is subjected to
compression and the sensor shows negative piezoresistivity; and when the fiber sensor is in 90°
degree orientation with respect to the external tension, its transverse direction is subjected to
tension and the sensor shows positive piezoresistivity. Given this, one expects that the fiber
sensor oriented at 45° with respect to the tension direction should show least piezoresistive
response. This is indeed the case as shown in Figure 20c for the 45° oriented sensor, which
shows significantly reduced piezoresistive sensitivity with GF of -0.25 £ 0.029.

To test the long-term durability of the SWCNT-FibSen sensor, an epoxy/glass fiber
laminate embedded with a 90° oriented glass fiber sensor was submitted to 10,000 cyclic
tensile tests. During the test, the cyclic displacement with amplitude of 0.2 mm (corresponding
strain of 1%) and rate of 1 mm/min (corresponding strain rate of 5 %/min) was applied to the
laminate coupon. After 10,000 cycles, we observed a slight 1.2 % increase on the sensor
resistance and a minor 3.7 % reduction of the gage sensitivity. The excellent durability of
SWCNT-FibSen sensors warrants their future applications as embedded sensing elements for
SHM of high-performance polymeric composite structures.

In addition to tension, we also explored the versatility of the embedded SWCNT-FibSen
sensor for detecting other types of mechanical deformation of the host composites. Figure 21a
shows the coupled electrical-cyclic three-point bending test results for a three-layer laminate
specimen, in which two fiber sensors were embedded. One is positioned above the neutral
surface and the other is positioned below the neutral surface. Clearly, the fiber sensor above
the neutral surface, which is subjected to compression in the longitudinal direction and tension
in the transverse direction, shows increased resistance. In contrast, the fiber sensor below the
neutral surface, which is subjected to tension in the longitudinal direction and compression in
the transverse direction, shows decreased resistance. The bending test results again
corroborate the Poisson effect explanation for the piezoresistive response of embedded
SWCNT-FibSen sensors. Similarly, the negative piezoresistivity of the embedded SWCNT-FibSen
sensor was also observed in a cyclic compression test on a 2-layer laminate coupon as shown
Figure 21b. In this case, the transverse direction of the fiber sensor is directly subjected to
compression.

4.4.3.2 Tension-to-failure test

The tension, bending, and compression testing results shown previously all indicate that
the embedded SWCNT-FibSen sensors are useful for detecting and mapping the strain and
stress of the host composite at small deformation. To further explore the behavior of
embedded SWCNT-FibSen sensor at large deformation, a 2-layer epoxy/glass fiber laminate
embedded with a fiber sensor in 0° orientation was subjected to tensile test to failure. The
results are shown in Figure 22. At small deformation (< 1.2 %), the host laminate presents a
linear stress-strain relation which is captured faithfully by a linear decrease of the sensor
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resistance. The negative piezoresistivity of the 0° orientated sensor at small deformation is an
expected result due to the Poisson effect as explained previously. With further increasing the
strain level, strain-softening is observed for the laminate when the strain is greater than 1.2 %.
Namely, the tensile modulus of the laminate at strain greater than 1.2 % is less than that at
strain less than 1.2%. In coincidence with the strain-softening transition, the piezoresistivity of
fiber sensor changes from negative to positive response. The strain-softening of the laminate is
attributed to the initiation and development of micro-cracks in the epoxy matrix and fiber
delamination. As a result, the contacts between CNT tubes in SWCNT network of the fiber
sensor are disrupted to cause the resistance increase and the corresponding positive
piezoresistive response. When the strain is further increased to 5.1%, as shown in Figure 22, a
sudden rise of the fiber sensor resistance signifies the failure of the laminate. The behavior of
the embedded SWCNT-FibSen sensors at large deformation shown in Figure 22 expects to be
highly valuable in SHM of high performance fiber reinforced composites for detecting the
micro-crack initiation and growth at early stage of the damage to prevent catastrophic failure.
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Figure 21. Piezoresistive response of glass SWCNTFibSen sensor embedded in epoxy/glass fiber
laminate under (a) cyclic three-point bending test; and (b) cyclic compression test.

4.4.3.3 Simultaneous tensile tests of multiple SWCNT-FibSen sensors

SWCNT-FibSen sensors can be readily positioned and oriented in complex engineered
composite systems for mapping the strain/stress and detecting the local damages. To
demonstrate this idea, we fabricated a 2-layer epoxy/glass fiber laminate coupon with varied

cross-section dimension, in which four glass fiber sensors were embedded at different positions
and orientation angles (Figure 23).
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As shown in Figure 23a, Sensor #1 is parallel to the long axis direction of the coupon
with 0° orientation. Sensor #2 is oriented at 90° and located at the center position of the
laminate with the smallest cross-section dimension of 8.5 mm. Sensor #3 and #3’ have the
same orientation as sensor #2, but they are respectively positioned + 11.5 mm away from
sensor #2, where the cross-section dimension is 14.5 mm. With a cyclic tensile loading applied
along the long axis direction of the laminate coupon, the piezoresistive response of these four
sensors was simultaneously recorded and the results are shown in Figure 23b. As expected, the
0°-oriented sensor #1 shows negative piezoresistivity; and the three 90°-oriented sensors (#2,
#3, and #3’) all exhibit positive piezoresistivity. As compared to sensor #3 and #3’, sensor #2 is
located at the position with the smallest cross-section dimension. Consequently, sensor #2
expects to experience greater stress than sensor #3 and #3’. These stress variations have been
nicely registered by the larger resistance increase of sensor #3 and #3’ than that of sensor #2.
Moreover, due to their symmetric arrangements about sensor #2, the equal stress state of
sensor #3 and #3’ has also been recorded by their identical resistance changes.
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Figure 22. Piezoresistive response of glass SWCNT-FibSen sensor embedded in a 2-layer

epoxy/glass fiber laminate that is subjected to tensile-to-failure test. Insets are the optical
photographs of the dog-bone shaped laminate before and after the test.
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Figure 23. (a) Schematics of a 2-layer epoxy/glass fiber laminate embedded with multiple glass
SWCNT-FibSen sensors. Sensor #1: 0° orientation; Sensor #2: 90° orientation and positioned at
the center position of the laminate with the smallest cross-section dimension (8.5 mm); Sensor
#3 and #3’: 90° orientation and positioned + 11.5 mm away from sensor #2. (b) Piezoresistive
of Sensor #1, #2, #3 and #3’ under when the epoxy/glass fiber laminate host is under cyclic
tensile loading.

4.5 Graphite nanoplatelet enabled fiber sensor with dual functionalities for realization of
multifunctional polymeric composites

The similar concept of SWCNT-FibSen can be equally applied to develop graphite
nanoplatelet enabled fiber sensors — GNP-FibSen. With the roll-to-roll continuous spray
coating process, GNP-FibSen sensors were fabricated by depositing GNP thin film on a single
filament of glass fiber. Figure 24a shows the optical photograph of a GNP-FibSen. Further
examination of the GPN-FibSen by SEM imaging shows a smooth glass fiber (Figure 24b)
coated by an undulated GNP coating (Figure 24c), in which GNP platelets closely packed into a
stacked mosaic structure (Figure 24d). The Raman scattering spectrum of the GNP-FibSen
acquired with a 488 nm excitation laser is shown in Figure 24e. The signature Raman features
[89,90,91] — D-band at 1361 cm-1, G-band at 1581 cm-1 and the two-component 2D-band
around 2730 cm-1 confirm the graphite nanoplatelet structures of the GNP-FibSen. Similar to
SWCNT-FibSen, the GNP-FibSen sensor can also be easily embedded and integrated into the
composite structures at desired locations and orientations during the manufacturing process
to monitor the polymer resin curing process. An epoxy/fiberglass laminate sample embedded
with a GNP-FibSen sensor was prepared to demonstrate this point. The result is shown in
Figure 25.
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Figure 24. (a) Optical photograph of a neat GNP-FibSen sensor; (b) SEM image of a single
filament of glass fiber used as the substrate for fabricating GNP-FibSen; (c) and (d) SEM images
of the GNP packing structure in GNP-FibSen sensor; (e) Raman scattering spectrum of the neat
GNP-FibSen.

As shown in Figure 25, the sensor resistance rapidly increases from 199.7 kQ2 to 572.1
kQ in the first stage of the curing process when the temperature ramps from 25 °C to 143 °C.
The resistance change is as high as ~186 % during this stage. In the subsequent second stage
of the curing process, during which the sample was maintained isothermally at 143 °C, the
sensor resistance initially manifests a rapid decrease from 572.1 kQ to 466.1 kQ2 and then
gradually reaches a constant value of 403.6 kQ. The overall change of the resistance during
the second curing stage is ~ -29.5 %. The temperature-dependent resistance change of the
embedded GNP-FibSen observed in Figure 25 is attributed to the progressive changes of the
viscosity and crosslink density of the epoxy resin matrix during the curing process. In the first
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stage of the curing process, the resin viscosity decreases with the rapid increase of the
temperature from 25 °C to 143 °C. As a consequence, the resin monomers and oligomers can
readily penetrate and infiltrate into the GNP network to cause a large separation and even
breakage of GNP-GNP contacts, which therefore induces a significant resistance increase of
the GNP-FibSen. In the subsequent isothermal stage of the curing process, the extent of the
curing reaction and thus the crosslink density of the resin matrix keep increase. This induces a
significant increase of the resin viscosity and the shrinkage of the resin matrix. As a result, the
separation between GNP-GNP contacts is reduced to cause a decrease of the sensor
resistance as observed in the beginning of the second stage of the curing process. With
further increasing the cross-linking reaction, the system reaches a maximum shrinkage to
cause the sensor resistance stabilized at a constant value. To further corroborate the
aforementioned arguments, an epoxy/fiberglass laminate sample embedded with a carbon
fiber filament was prepared and tested for its resistance response to the two-stage curing
protocols. The rationale for selecting carbon fiber is due to that it has a similar but more
densely packed graphitic platelet structures as GNP-FibSen [92]. Unlike the loosely packed
GNP network in GNP-FibSen, the densely packed graphitic structures of the carbon fiber
should not to be interrupted by the physical/chemical changes of the resin matrix in the
curing process. As a consequence, we expect the resistance change of the carbon fiber in the
curing process is simply due to the temperature effect. This is indeed the case as shown in
Figure 25. In the first stage of the curing process, the carbon fiber shows a NTC (negative
temperature coefficient of resistance) effect as the temperature ramps from 25 °C to 143 °C.
This NTC behavior is an intrinsic electronic property of carbon fibers [93,94]. As expected, in
the second stage of the curing process, the resistance of the carbon fiber maintains a
constant, since the temperature is isothermally kept at 143 °C. The comparative studies
shown in Figure 25 demonstrate the unique capability of the GNP-FibSen in providing the
valuable information regarding the local physical/chemical changes of the resin matrix during
the curing process.
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Figure 25. Two-stage curing process induced sensor resistance change for the embedded GNP-
FibSen sensor and carbon fiber (CF). Stage 1 - temperature ramping from 25 °C to 143 °C; Stage
2 - isothermal at 143 °C for 2 hrs.

By applying the cyclic tensile strain of 1% in amplitude to the fully cured
epoxy/fiberglass laminate (Figure 26a), the piezoresistivity of the embedded GNP-FibSen sensor
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was evaluated. Figure 26b shows the results of the sensor resistance at different cyclic
frequencies (0.04 Hz to 0.67 Hz). Clearly, the sensor response to the external deformation is
instant and shows no frequency dependence. Figure 26¢c summarizes the GF of the embedded
GNP-FibSen sensor tested at different cyclic frequencies. Averaged over the results obtained at
different cyclic frequencies, the embedded GNP-FibSen sensor gives a GF = 2.42 £ 0.11. As
compared to the standalone sensor (GF = 17.0 + 1.3), one notes the embedded sensor has a
significantly reduced sensitivity. The well-known Poisson effect is believed to be responsible, at
least partially, for this phenomenon. As the laminate is under tension in the longitudinal
direction of the embedded GNP-FibSen sensor, the transverse direction of the sensor is
subjected to compression. The tension causes the sensor resistance increase by increasing the
inter-particle (GNPs) distance; and the compression induces a decrease of the sensor resistance
by decreasing the inter-particle (GNPs) distance. These two opposite effects act simultaneously
to result in a smaller sensor resistance change and therefore a reduced GF as compared to the
standalone GNP-FibSen. The indirect evidence to support this explanation may be found from
Hu et al.’s work [41] on the piezoresistivity of polymer/carbon nanotube composite strain
sensor. When the sensor is under tension, the resistance increases; and when the sensor is
under compression, the resistance decreases. Certainly, the different nature of the GNP-GNP
contacts in the standalone and the embedded sensors may also play a role regarding their
significantly different gauge sensitivity. In the standalone sensor, there is a direct GNP-GNP
contact; but in the embedded sensor, there is very likely an insulating layer of resin molecules
to modulate the GNP-GNP contacts. As a consequence, one may expect the different
mechanical as well as electrical response for the standalone and the embedded sensors and
therefore their piezoresistive response. To evaluate the durability of the embedded GNP-FibSen
sensor, the epoxy/glass fiber laminate sample was subjected to a coupled electrical-mechanical
test with 10,000 cycles of cyclic tensile loading (1% in amplitude at a cyclic frequency of 0.08
Hz). Figure 26d shows the sensor resistance recorded for the first and last 100 cycles. Further
calculation indicated that, for the first 100 cycles, the sensor resistance at 0% strain has an
average value of 513.5 + 0.3 kQ and the averaged GF is 2.40 + 0.09; for the last 100 cycles, the
sensor resistance at 0% strain has an average value of 513.5 + 0.2 kQ and the averaged GF is
2.34 + 0.06. The minor changes of the sensor resistance and the GF after 10,000 cyclic tensile
tests manifest the excellent durability of the embedded GNP-FibSen sensor, which warrants its
future application as a reliable sensing system in SHM of high-performance polymeric
composite structures.

GNP-FibSen sensors can be easily and non-invasively integrated into a complex shaped
composite structure at desired orientations and locations for mapping the strain/stress and
detecting the local damages. To demonstrate this point, a 3-layer epoxy/glass fiber laminate
with a curved shape was fabricated and embedded with two GNP-FibSen sensors for sensing
different deformation modes. Figure 27a shows the optical graph of the fabricated part. Figure
27b schematically shows the position of the embedded sensors: one (Sa) is positioned above
and the other (Sb) is positioned below the neutral surface. Figure 27c shows the resistance
change respectively recorded for both Sa and Sb when the part was subjected to repeat
bending deformation by compressing its two ends manually. In such a deformation mode, Sa is
under tension and Sb is under compression. It is noted that, due to the instrumentation limit,
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the resistance for Sa and Sb were not measured synchronously but separately. This results in
the not-in-phase response of Sa and Sb as shown in Figure 27c. Given this limitation, one sill can
identify that the different deformation modes experienced by Sa and Sb have been nicely
captured by their respective resistance changes. That is, while the part was under compression,
the resistance of Sa increased and the resistance of Sb decreased. When the part was in a free
state, the resistance of both sensors recovered to their original values.
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Figure 26. (a) Shimadzu mechanical setup for testing the piezoresistive performance of a GNP-
FibSen sensor embedded in fully cured epoxy/glass fiber composites; The piezoresistive
response (b) and gauge factor (c) of the embedded fiber sensor under cyclic tensile deformation
at various frequencies (from top to bottom: 0.04, 0.08, 0.17, 0.33, 0.67 Hz); (d) Durability test
results of the embedded fiber sensor subjected to 10,000 cycles of cyclic tensile test. The blue
line is the results for the first 100 cycles and the red line is for the last 100 cycles.
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Figure 27. (a) Photo images and (b) schematics of the contour shaped composite laminates
embedded with two GNP-FibSen sensors; Sa and Sb are respectively positioned above and
below the neutral surface. (c) Resistance response of Sa and Sb when the part is subjected to
repeating bending deformation by compressing its two ends manually.

5. Conclusion

Carbon nanomaterials, including single-walled carbon nanotubes (SWCNTs) and graphite
nanoplatelets (GNPs), enabled fiber sensors - SWCNT-FibSen and GNP-FibSen are developed.
The fabrication of SWCNT-FibSen and GNP-FibSen is simple, cost-effective, and environmental
benign. They take a continuous fiber form and can be non-invasively and easily embedded into
polymeric composite structures at the desired locations and orientations. The SWCNT-FibSen
and GNP-FibSen sensors possess multipurpose sensing capabilities. In the composite
manufacturing process, the resin curing process can be monitored to provide valuable quality
assurance information; and after the composite manufacturing process, the same embedded
sensors are capable of detecting/mapping different mechanical deformation modes - tension,
bending, and compression as well as the failure of the host structure. Moreover, the
fundamental research efforts lead to a series of easy-to-use and reliable methods for
guantitatively characterizing the structures of carbon nanomaterials in the dispersion, which
allows for establishing the processing-structure-property relationships of SWCNT-FibSen and
GNP-FibSen sensors and paves the way for their large-scale production and deployment in
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monitoring the health states of high-performance polymeric composite structures. To
materialize and mature the SWCNT-FibSen and GNP-FibSen technology, the future research
should focus on addressing the following issues: 1) development of simulation and modeling
tools for better design and optimize the sensing performance; 2) exploration and development
of a miniaturized, onboard and wireless sensing, power and communication systems; and 3)
development of passivating/insulating/packaging methods to allow for their use in the SHM of
electrically conducting high-performance polymeric composite structures, e.g., carbon fiber
reinforced composites.
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